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Abstract 
Vascular Streak Dieback (VSD) is a disease of cocoa trees, caused by Oncobasidium 
theobromae. The disease has become one of the major causes of economic losses to 
cocoa productivity in commercial plantations in Indonesia. A severe infection causes the 
death of young seedlings and canopy loss in older trees. The maintenance of soil fertility 
by fertiliser management is one of the recommendations for integrated VSD disease 
management. The aim of this study was to evaluate the impact of fertiliser application in 
the plantation environment, and to observe if nutrient management can potentially control 
VSD disease.  
Historical environment data showed that the cocoa plantation of Treblasala Estate, London 
Sumatra Indonesia experienced a soil pH decline associated with the annual urea 
application as a source of nitrogen. Soil P status is also relatively high when compared 
with the suggested critical level for growing cocoa. However, triple superphosphate 
fertiliser as source of P is applied annually and has resulted in high residual P levels.  
Soil and leaf nutrient sampling from selected plantings and genotypes has revealed higher 
soil pH and soil nutrient levels when compared with historical soil data. Soil phosphorus 
levels are very high and this might have reduced the uptake of some nutrients, since the 
levels of these nutrients in cocoa leaves were found to be lower than the critical levels. 
Magnesium, calcium, copper, zinc and manganese were the nutrients whose levels were 
found to be below the suggested optimum ranges. These nutrients were also low in the 
genotype that is susceptible to VSD disease. Calcium and manganese levels of diseased 
leaves were also lower than healthy leaves, indicating a probable relationship with VSD 
disease. 
To investigate whether high phosphorus supply reduces the micronutrient status, nutrient 
studies were carried out using young cocoa seedlings in Gatton, Australia under 
glasshouse conditions, and under the natural environment in Indonesia. The studies 
revealed that nutrient imbalances may occur in response to high P fertiliser application, 
although a reduction in leaf micronutrient status was not observed. The results suggest 
that P application is not beneficial to the soils on the Treblasala Estate.  
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To examine if the application of micronutrient fertiliser is potentially beneficial in reducing 
VSD disease severity, responses to a combination of phosphorus, potassium, copper, and 
zinc fertilisers were tested in tolerant and susceptible genotypes and exposed to natural 
VSD inoculums in Indonesia. The study showed that none of the fertiliser treatments 
directly influenced VSD severity. VSD tolerant genotype consistently gave higher leaf 
nitrogen, magnesium, calcium, copper, zinc, and manganese concentrations when 
compared with susceptible genotype. The results confirmed that P application is not 
beneficial in the Treblasala Estate cocoa plantation, and if the soil P is very high, a low 
rate of application of copper fertiliser may be necessary for better plant growth. However, 
any copper fertilizer application would need to be at a low rate, because potentially 
antagonistic effects of copper and zinc were observed in the study.  
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CHAPTER 1 GENERAL INTRODUCTION 
1.1 The importance of the cocoa industry in Indonesia 
Cocoa plantations in Indonesia have been established since the 1800s with the earliest 
planting in Northeast Sulawesi and Maluku. In the early 1900s, more than 65,000 hectares 
of plantations were developed on Java Island. The cocoa bean from this area was 
exported to Europe where it became well recognized for its flavour. Indonesia has now 
become one of the major cocoa producers in the world (Pawirosoemardjo et al. 1990).  
According to ICCO (2014), the total world production of cocoa in 2013-2014 was 
approximately 4.3 million tonnes, with Cote d’Ivory supplying more than 1.7 million tonnes, 
followed by Ghana and Indonesia with 900 and 400 thousand tonnes of dry beans 
respectively. The export value of cocoa to the Indonesian government by the end of 2013 
has been estimated at US$ 1.2 billion which positioned cocoa as top third foreign 
exchange commodities after oil palm and rubber (Kementrian Pertanian Direktorat 
Jenderal Perkebunan 2014). In addition, 440 thousand tonnes were supplied to the local 
market from an estimated total production of 840,000 tonnes of beans harvested from 1.7 
million hectares of plantations (Ministry of Agriculture 2013). The cocoa plantations are 
mostly owned by smallholder farmers, who account for 94% of the area, with plantation 
companies holding 4% of the area (Statistics Indonesia 2014). Cocoa (Theobromae 
cacao) is an important cash crops in Indonesia.  
1.2 Cocoa productivity limits by Vascular Streak Dieback (VSD) 
Pests and diseases are the major constraints to cocoa productivity in the world and 
account for up to 40% yield losses (Hoopen et al. 2012). In Indonesia, Vascular Streak 
Dieback (VSD) is one of the most significant diseases (McMahon et al. 2010). VSD 
disease is caused by a fungus, Oncobasidium theobromae, which infects the cocoa leaf 
during the early formation period, and then develops into an infection in the xylem vessels 
(Keane 1981). Three to five months after the initial infection, dieback is observed on trees 
due to dying-off (dieback) of the leaves and branches (Samuels et al. 2012). As a result of 
this disorder, the tree canopy is significantly reduced. This leads to a yield decline of up to 
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15-25 % as reported by Kamil et al. (2006) in Malaysia, with higher losses being observed 
in Papua New Guinea 25-50% (Efron et al. 2002). While the cocoa plant is at the immature 
stage, this disease can cause the death of seedlings which are younger than 18 months 
(Keane 1981; Samuels et al. 2012). High levels of infection on old trees can result in the 
main branches becoming infected, resulting in the death of the trees. 
1.3 Approach to manage VSD and the potential of nutrient management 
Research in controlling VSD disease has been carried out in Papua New Guinea and 
Malaysia (Keane 1981; Prior 1987; Holderness 1990; Dennis & Keane 1992; Hee et al. 
1992; Kamil et al. 2006). The following procedures are recommended for controlling VSD 
in cocoa. The establishment of cocoa nurseries should be at a safe distance (minimum 60 
m) from infected old cocoa plantations and polyethylene plastic should be used to prevent 
the spores of the fungus shedding onto young leaves. Kamil et al. 2006 reported that 
fungicide application has been effectively use to reduce VSD disease infection in young 
and mature trees. However, the fungicides have to be applied frequently and this can be 
both expensive and potentially harmful to the environment. Regular pruning to maintain 
canopy condition will increase light interception and lower the humidity, thus decreasing 
the source of inoculum in mature and infected cocoa trees. Tay et al. (1989) has reported 
that the cutting of infected branches, combined with nutrient management, can 
significantly reduce the severity of VSD infection. However, there is limited information on 
the most appropriate type of fertiliser which can potentially reduce the incidence of this 
disease. 
Nutrients are essential for plant growth and development. In addition, they have an 
important role as a defence mechanism against pathogen infection. There is evidence that 
fertiliser inputs can effectively reduce disease severity in other agricultural crops. For 
example, Khairulmazmi (2011) found that the application of calcium, copper, and zinc 
fertilisers on citrus trees with light to moderate infections of Huanglongbing disease, was 
able to depress the disease severity and increase yields. Zinc fertiliser alone or in 
combination with sulphur, has been reported to reduce the severity of powdery mildew in 
lentil (Singh 2014). Khoshgoftarmanesh et al. (2010) observed that zinc treatment is 
beneficial in reducing the infection of root rot caused by Fusarium solani in wheat.  
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Dieback incidence on cocoa refers to old trees that demonstrate death of most of the 
branches and leaves, thus only 25-50% of the canopy remains on the tree. Investigations 
of the role of nutrition on dieback of cocoa have been carried out by a private plantation 
company, London Sumatra Indonesia. The first study in Sumatra Utara showed that leaf 
analysis of young cocoa trees planted on dieback soil, had low copper and zinc levels but 
much higher phosphate (BLRS 2006). Studies have shown that increasing the level of P 
can reduce micronutrient uptake such as copper and zinc (DeIorio et al. 1996; Awan & 
Abbasi 2000; Srinivasarao et al. 2007; Nyoki & Ndakidemi 2014). It is unclear whether the 
application of high rates of phosphate fertiliser in the cocoa plantation reduces the uptake 
of copper and zinc.  
Another survey in cocoa plantation of London Sumatra Indonesia revealed that leaf 
analysis of dieback trees tended to show lower copper, manganese, and zinc levels when 
compared with healthy trees. In this survey, symptoms of VSD disease were also apparent 
on the dieback trees (BLRS 2008). Cocoa seedlings planted on soil taken from dieback 
areas, when treated only with copper and zinc fertiliser gave positive growth responses 
(BLRS 2011a). However, it is not clear whether the incidence of VSD disease is related to 
low micronutrient status and whether the application of micronutrient fertiliser can improve 
resistance to VSD. 
Another nutrient which may be useful in improving the defence of cocoa trees against VSD 
disease is potassium. Amtmann et al. (2008) reported that potassium levels in the plant 
tissue are highly correlated with disease resistance. It has been noted that when the levels 
of K decrease, plants becomes more susceptible to fungal and bacterial infection. 
Therefore, the application of K fertiliser has been successful in reducing the disease 
incidence particularly in low K soils.  
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1.4 Objectives of the study 
General objective  
To evaluate the current fertiliser application in the cocoa plantation of Treblasala Estate, 
London Sumatra Indonesia and to observe if nutrient management can potentially control 
or reduce severity of Vascular Streak Dieback disease. 
Specific objectives were to:  
 determine whether micronutrient deficiency occurs in the commercial cocoa 
plantation fields; 
 improve our understanding of whether micronutrient status is related to VSD 
severity in a susceptible cocoa genotype; 
 determine the critical soil P level at which responses to P fertiliser can be expected; 
 understand the interactions of P and micronutrient uptake in young cocoa 
seedlings; 
 observe whether the application of potassium or micronutrient fertiliser can improve 
resistance to VSD 
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CHAPTER 2 LITERATURE REVIEW 
2.1 Introduction 
Increasing the productivity of cocoa in Indonesia is regarded as being possible through the 
knowledge and use of appropriate disease management strategies, in addition to current 
practices which rely on cultural techniques such as regular pruning and sanitation of 
diseased branches, fungicide application, and the use of resistant planting material. An 
understanding of the relationships between nutrients and disease incidence in cocoa is of 
utmost importance, if an environmentally friendly approach is to be identified for controlling 
Vascular Streak Dieback (VSD) disease. This would be useful for incorporation into an 
integrated disease management strategy to achieve sustainable disease control in cocoa. 
Unlike other crops where there is extensive literature on nutrient and disease interactions, 
there are very limited references available on work in this area on cocoa. This chapter 
reviews literature on the background of cocoa, VSD disease, and the role of nutrients in 
controlling plant diseases. Drawing on the knowledge of disease control measures used 
on other crops should assist in establishing a sustainable approach for controlling VSD in 
cocoa. 
2.2 Background of cocoa 
2.2.1  Taxonomy 
Cocoa (Theobroma cocoa) is a perennial tree belonging to the genus Theobroma and 
family Sterculiaceae. The genus Theobroma consists of 22 species, some of which have 
restricted plantings for use in different cooked foods, jellies, or beverages (Mossu 1992). 
Cocoa is the only species in the genus Theobroma which is grown commercially (Wilson 
1999). Cocoa is subdivided into two sub-species, these being T. cacao spp cacao and T. 
cacao spp sphaerocarpum. Criollo is a member of the cacao sub-species while Forastero 
and Trinitario are within the sphaerocarpum sub-species (Wood & Lass 1985). The main 
characters which distinguish these three sub-species are presented in Table 2.1. 
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Table 2.1 Cocoa pod characters of sub-species 
Characters Criollo Forastero Trinitario 
Pod husk    
Texture soft hard mostly hard 
Colour reddish green variable 
 
Beans 
   
Average number per pod 20-30 30 or more 30 or more 
Colour of cotyledon white, ivory, or 
very pale 
purple 
pale to deep purple variable, white 
beans rarely occur 
Source: Wood and Lass 1985 page 29 
2.2.2 Centre of origin and geographical distribution 
The headwaters in the Amazon basin forest are described as the centre of biodiversity 
since many variations of morphological and physiological characters have been observed 
there (Badrie et al. 2013). Historically, cocoa beans were once used as a form of currency 
and the product was consumed by the Maya Indians who were the first cocoa planters. 
The word 'cocoa' comes from the word 'chocolatl' which was introduced by the Aztecs 
Indians who occupied the Maya Indian's area and plantations. The development of cocoa 
throughout the world occurred after the Spanish modified the cocoa beans into acceptable 
products (beverages). Since the early 16th century, the plant has been cultivated in most 
tropical countries in Central and South America, including the West Indies. Following the 
increasing popularity of the chocolate drink, cocoa planting expanded into Trinidad, 
Jamaica, Haiti, Venezuela, and Martinique in the 17th century and to Bahia in Brazil in 
1750s.  The Portuguese, Spanish, and Dutch introduced cocoa to other regions in 
Southeast Asia, the island of Gulf Guinea, and coastal areas of West Africa (Mossu 1992). 
Cocoa is now distributed worldwide, particularly in the tropical regions. Now more than 30 
countries in Africa, Caribbean, South and Central America, Southeast Asia, and Oceania, 
are currently growing cocoa (Wood & Lass 1985; Mossu 1992; Wilson 1999).  
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2.2.3 Climatic and soil factors 
The climate in most cocoa growing countries is tropical. In the tropics, the rainfall is 
generally high and evenly distributed throughout the year, while temperatures and 
humidity are consistently high. Annual rainfall ranges from 1,250-3,000 mm and cocoa 
grows well in areas receiving between 1,500-2,000 mm per annum, with a maximum of 
three months consecutive dry season. Maximum temperatures in cocoa growing areas are 
between 30-32ºC with a minimum between 18-21ºC, (with an absolute minimum of 10ºC). 
Day time relative humidity should be between 70-80% and 100% at night (Wood 1985). 
Since its natural habitat is in tropical rainforests, the crop requires a certain level of shade 
to optimize its growth (Wilson 1999). 
According to Wood (1985) cocoa can grow on a range of soils, from the alluvials in Brazil 
to sandy clay loams developed over acid igneous rocks and marine soils in Malaysia.  The 
crop requires soils with good texture and structure, to allow the roots to grow to 1.5 metres 
in length. Most of the roots are in the surface soil (20 cm depth), therefore a high level of 
soil nutrients is required in the surface soil. The optimum soil pH is 6.5 but can be in the 
range of 6 to 7.5. 
However, most of the cocoa growing countries have soils of low pH which are categorized 
as acidic. In Brazil and West Africa, the plantations are located on soils which are about 
neutral or slightly acidic (Baligar & Fageria 2005). In Southeast Asia, including Malaysia, 
the cocoa is mainly grown on highly weathered or acid sulphate soils (Shamshuddin et al. 
2004; Shamshuddin et al. 2011). Table 2.2 shows that the soils in Treblasala plantation in 
Indonesia are classified as being acidic since their pH range is between 5 and 6.  
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Table 2.2 Soil pH and organic matter (OM) content in the cocoa plantation of Treblasala 
Estate, Indonesia 
Year pH OM (%) 
2004 5.66 4.40 
2006 5.99 4.99 
2007 5.86 4.17 
2008 5.76 4.69 
2010 5.47 4.40 
2011 5.64 4.62 
2012 5.50 4.16 
Source: Database of Bah Lias Research Station, London Sumatra Indonesia 
Acid soils often have low levels of available nitrogen, phosphorus, potassium, magnesium 
and other essential nutrients (Baligar & Fageria 2005). In addition, acid soils also have a 
high solubility of aluminium and manganese, which predisposes them to toxicities of these 
elements (Fageria et al. 1997). Since cocoa is an Al sensitive crop, the presence of high Al 
in the soil solution has been reported to influence cocoa productivity (Wood & Lass 1985) 
and may also affect the bean quality (Shamshuddin et al. 2004). Baligar and Fageria 
(2005) reported that in acid, highly weathered soils in the tropical region, the application of 
lime and fertiliser are required to improve cocoa productivity.  
2.2.4 Nutrient requirement and fertiliser recommendation 
It is estimated that 200 kg nitrogen, 25 kg phosphorus, 300 kg potassium, and 140 kg 
calcium are required to build the cocoa vegetative canopy prior to crop production (Wessel 
1985). Nutrients removal for 1000 kg of dry cocoa beans is equivalent to 20 kg N, 4 kg P, 
and 10 kg K. The potassium removal is increased fivefold if the pod husks are also taken 
from the field (Wessel 1985). Considering total nutrient requirement and removal, regular 
fertiliser application is important in maintaining the productivity of cocoa plantations.  
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The total nutrient requirement and economic calculation based on fertiliser prices, 
application cost, and yield production are the most important factors to determine fertiliser 
recommendation in cocoa (Indonesian Coffee and Cocoa Research Institute 2006). Some 
approaches used in assessing the nutrient requirement include: nutrient calculations 
based on whole plant analysis, physical and chemical analysis of the soil, leaf analysis, 
and yield response from fertiliser trials (Wessel 1985). In general, it is estimated that the 
nutrient requirement for one hectare of cocoa is equivalent to 50 kg urea (nitrogen), 48 kg 
triple superphosphate (phosphorus), 43 kg muriate of potash (potassium), and 20 kg 
kieserite (magnesium) fertilisers (Indonesian Coffee and Cocoa Research Institute 2006). 
However, the actual fertiliser rate may vary depending on the soil, annual production, and 
the planting material. Hence, fertiliser trials are required to determine soil critical levels and 
the yield response to applied nutrient. 
2.3 Cocoa Dieback 
According to Lass (1985), dieback refers to the general condition where the cocoa tree 
suffers from progressive desiccation of the branches from the growing tip inwards. 
Dieback can be caused by either physiological or  pathological factors or even both. There 
are several causes of cocoa dieback, including water stress or drought, lack of shade, 
strong or drying winds, and nutritional problems, particularly toxicity or deficiency of 
micronutrients. Drover (1970) found that a nutrient imbalance was involved in cocoa 
dieback in Papua New Guinea. The leaf potassium and manganese concentrations in 
affected plants were generally high while magnesium, iron, and copper were low.  Lass 
(1985) reported that severe attacks by insects could also cause dieback. For example, 
Hellopeltis antonii attacks cocoa shoots in Jawa Timur and results in dieback symptoms. 
Verticillium wilt and Oncobasidium theobromae pathogen have also been reported to 
cause dieback symptoms in Uganda and Southeast Asia, respectively. 
2.4 Vascular Streak Dieback Disease 
VSD disease was first recorded in Papua New Guinea in the 1960s when many trees were 
killed due to the infection and it was not possible to replant the fields since the outbreak 
also killed the young cocoa plants (Efron et al. 2002). The disease has caused major 
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economic losses to cocoa productivity in Melanesia and some part of Asia, including New 
Britain (PNG), China, Thailand, India, Malaysia, Vietnam, Burma, Philippines, and 
Indonesia (Prior 1980; Efron et al. 2002; Guest & Keane 2007). In Indonesia, VSD has 
been reported in Kalimantan, Java, Maluku, Sulawesi, Papua, and Sumatra Islands since 
the early 1980s. However, the severity of the disease has varied between locations, with 
cocoa in some areas remaining healthy while in other areas plants were highly infected 
(Pawirosoemardjo et al. 1990). A high incidence of the disease was recorded during 1999, 
especially in the flavoured cocoa clones DR 1, DR 2, and DR 38 (Indonesian Coffee and 
Cocoa Research Institute 2006).  
2.4.1 The pathogen 
This destructive disease is caused by the tulasnelloid Oncobasidium theobromae (Keane 
et al. 1972; Keane 1981; Keane 2010). Samuels et al. (2012) studied the DNA structure of 
the pathogen and identified the fungus as Ceratobasidium theobromae. There is no 
explanation as to how the pathogen widely existed in Melanesia and Asia since the 
disease has only been observed in cocoa, although light infections have been reported on 
avocados in Papua New Guinea. There is a strong assumption that the fungus develops 
from native plants in natural forest and then is transmitted to cocoa (Anderson 1989; 
Guest & Keane 2007). 
2.4.2 The disease symptoms 
The symptoms of VSD were described by Keane et al. (1972) and by Guest and Keane 
(2007). The first sign of VSD is chlorosis in the second or third leaf from the growing tip 
which shows green spotted islets with a yellow background. A different pattern of leaf 
symptom is observed in some regions such as Vietnam and Indonesia where it appears as 
necrosis on the edge of the leaf (Fig 2.1A). A few days after the chlorosis appear, the leaf 
falls off and the symptoms then appears on other nearby leaves on the same branch. 
Symptoms showing three dots on the leaf scars are observed when the leaf has fallen (Fig 
2.1C). When most of the leaves have fallen, the lenticels expand which result in a coarser 
surface on the bark (Fig 2.1D). Necrosis along the xylem is seen when the branch is cut 
vertically (Fig 2.1E-F). The other branches that develop from the axil of this infected twig 
are also affected by the disease.  After a 5 month period from the first sign of chlorosis, the 
11 
 
disease spreads to the twigs and causes the death of the branches. When the disease 
develops on the trunk, death of the tree is inevitable. According to Keane (1981), the most 
damage is caused when the pathogen infects young cocoa trees up to 10 months old. In 
this situation, fungal infection will reach the main stem and cause mortality of the young 
trees.  
 
 
Figure 2.1 The VSD symptom in Indonesia Disease spread and infection  
A) chlorosis of second or third leaf with necrosis; B) fallen leaf; C) three dots on leaf scars 
of fallen leaf; D) expanded lenticels causing coarser bark surface; E-F) browning of 
vascular tissue as seen longitudinally and transversely. 
2.4.3 Disease spread and infection  
Oncobasidium theobromae spores are produced from basidiocarp that form in the leaf 
scars of the diseased leaf. Basiodiocarp is often displayed as a white, flat and velvety 
covering of the leaf scars (Keane et al. 1972). Keane (1981) studied the epidemiology of 
VSD disease and found a correlation between basidiospore production and rainfall. 
Basidiospores produced by diseased plants increased with increasing monthly rainfall. 
A B C 
D E F 
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Sporulation only occurs at night and under moist conditions as a result of rainfall in the late 
afternoon. Dennis et al. (1992) revealed that the release of spores is affected by a period 
of wetness rather than the amount of rainfall. In their study, it was observed that heavy 
dew deposition in the absence of rainfall could not maximize sporulation when compared 
with late afternoon rainfall.  
Keane (1981) observed that basidiocarp would survive during a 10 day period when the 
environment does not support sporulation. Spores are slowly dispersed by wind because 
cocoa plantations are usually densely vegetative and the spores adhere to any vegetation. 
Direct or indirect exposure to sunlight eventually kills the spores, thus infection must start 
during the night that spores are released from basidia.   
Infection of Oncobasidium theobromae occurs on unhardened cocoa leaves in wet 
weather (Keane et al. 1972; Prior 1979).  Keane (1981) found that at the initial stage, the 
spores that are dispersed by the wind adhere to leaf surfaces and are ready to germinate. 
It is believed that germination requires free water and high humidity (95% or more); unless 
these conditions prevail, successful infection is relatively low. The germinated spore 
penetrates underlying epidermal cells either through leaf lamina or petiole. Three to five 
months after initial infection, the fungus will have grown in the xylem vascular tissue as 
indicated by colonies of mycelium, and by this time the cocoa trees start to show typical 
chlorotic symptoms. 
2.4.4 Disease management 
VSD is a difficult disease to control because the fungal infection is systemic, and it is often 
not possible to remove all of the inoculum source from the plantation. Therefore, the most 
practical approach to manage the disease is by preventing infection. Keane (1981) 
recommended the maintenance of disease free areas by isolation of diseased trees by 
approximately 60 m distance from the healthy areas since the spore dispersal is restricted 
by its lifespan and weather conditions. Moreover, there was evidence that VSD outbreak in 
Papua New Guinea did not spread from New Britain to New Ireland which is 70 km away, 
although the disease has been present in New Britain for 20 years. A strict quarantine 
procedure was introduced by Prior (1985) to transfer the disease free planting material to 
other areas in Papua New Guinea as a precaution to minimize spreading the disease. The 
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budwood is only taken from healthy plants that have been isolated for 6 months to ensure 
that no VSD symptom appeared, and, before transferring to other areas, the buds are 
checked for the fungal hyphae under a microscope.  
It has been suggested that when a cocoa nursery is established, it should be a minimum 
of 60 metres distant from any old infected trees and other plants should be used as a 
physical barrier. However, as this is often impractical  in commercial cocoa plantations, 
Kamil et al. (2006) recommended the use of clear polyethylene plastic as a shade barrier 
to prevent the wetting of the cocoa foliage and potential fungal infection in cocoa nurseries 
located adjacent to inoculum sources. 
The application of a fungicide is commonly practised in cocoa nurseries. Monthly sprays of 
triamedinol, tebuconazole, and hexaconazole are effective against the disease in PNG 
(Holderness 1990). In addition, foliar sprays or soil drenching with triadimenol and flutriafol 
have been reported to be effective in controlling VSD for young and mature cocoa trees in 
Malaysia (Kamil et al. 2006). However, there are no published reports that the application 
of any of these fungicides successfully manages VSD in large scale cocoa plantations. 
Moreover, fungicide treatment in mature cocoa trees seems to be  impractical, since the 
fungus penetrates the new unhardened leaves, thus the chemical would need to protect all 
of these leaves even in wet weather when infection only occurs (Lass 1985). The 
fungicidal application would need to be done regularly until the new flushes fully develop 
into hard cocoa leaves. However, frequent spraying of fungicides may potentially result in 
other environmental problems due to their residual effect.  
The use of resistant planting material is probably the most promising approach for the 
management of VSD in the long term (Lass 1985). In susceptible planting material, the 
infection can be very severe and ultimately kill the trees because when Oncobasidum 
theobromae penetrates the flush leaf and colonizes the xylem vessel, it spreads quickly 
from an infected branch to neighbouring branches and then invades the main trunk which 
results in the death of the trees (Lass 1985). In Malaysia, damage by VSD in susceptible 
planting material was observed to result in 3 to 60% loss of productivity (Indonesian 
Coffee and Cocoa Research Institute 2006). In contrast, the resistant planting material 
was able to grow and yield even when severe infection was observed in trees older than 2 
14 
 
years. It appears that once the tree has produced jourquette, the pathogen is not able to 
develop in the main stem of the resistant trees, most likely due to the size of the xylem 
vessels inhibiting pathogen development (Lass 1985). In these trees, although the disease 
infects the branches, infection appears to grow slowly and the tree is able to reduce the 
impact of the disease by producing new leaves (Guest & Keane 2007). 
Several attempts have been made to investigate the defence mechanism in resistant 
trees. For example, the effect of leaf exudates on spores, penetration of the epidermal 
cells, tylose production, and vessel size have been examined. But there was no strong 
correlation of these parameters with the field resistance (Prior 1979; Lass 1985). It was 
therefore concluded that VSD resistance must be polygenic (Prior 1979) and modified by 
environmental factors such as temperature, soil moisture, light, and soil fertility 
(Pennypacker 1989). 
The selection for VSD resistant planting material can only be investigated in reference to 
natural inoculation, because there is a limitation of potential sources of inoculum. Spores 
are not always available in the plantation and the pathogen, Oncobasidium theobromae, is 
an obligate parasite which does not survive in dead tissue and therefore cannot be 
cultured (Guest & Keane 2007).  McMahon et al. (2010) selected cocoa clones for VSD 
resistance from farmer plantations in Sulawesi, Indonesia. There was  variation in 
resistance to VSD and pod production. Some clones showed moderate to high levels of 
resistance to VSD but produced small pods and small beans, characteristics which would 
not beneficial for commercial production. However, materials with the genetic basis for 
resistance might be useful for further breeding.  
Sanitation of infected trees has been suggested in Papua New Guinea to minimize the 
disease in mature cocoa plantations. The sanitation is conducted by pruning the diseased 
branches up to 30 cm below the last detectable streak, and the pruning is done monthly. 
The recommendation in Malaysia is to cut 46 cm below the last detectable streak and, 
when the infection has reached the main stem, the tree must be cut down (Lass 1985). 
The disease incidence is highly correlated with rainfall (Keane 1981; Dennis et al. 1992). 
Therefore, in high rainfall areas, the incidence of the disease is higher than in low rainfall 
areas. Management of the disease with sanitation practices in high rainfall areas is 
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potentially laborious, as in high rainfall areas the sanitation measures need to be 
implemented every 2-4 weeks in instances of light and medium disease intensity. In dry 
areas the recommended interval for sanitation measures is every 4-8 weeks in light and 
medium intensity. If the infection has reached the trunk of the tree and more than 30% of 
the branches show symptoms, eradication of the trees is the best control method 
(Indonesian Coffee and Cocoa Research Institute 2006). In commercial cocoa plantations, 
monthly sanitation for the control of VSD is probably impractical since there are crop 
losses when implementing the sanitation measures. In Bah Lias Estate, Sumatra Utara, 
London Sumatra Indonesia, a significant yield decline was noted in those plots which 
received sanitation measures, relative to the standard management practices. As well, the 
production cost increased because the monthly sanitation measures are more laborious 
than the recommended plantation practices which are implemented at two months 
intervals.  
An integrated disease management strategy that involves the use of artificial shade in 
nursery establishment, using tolerant planting material, and combination of pruning and 
sanitation of infected branches in mature trees, is probably the best approach for 
managing VSD disease. There is an indication that balanced nutrition through fertiliser 
management might also be of benefit. Tay et al. (1989) observed that the application of 
nitrogen and potassium fertiliser tended to alleviate the severity of development of VSD. 
Practical experience has also suggested that vigorous cocoa trees are able to resist the 
effects of VSD infection, even if it is present in the tree. Therefore, the application of 
appropriate fertiliser which supports vigorous vegetative growth might be useful as an 
additional approach in managing VSD (Lass 1985).  
2.5 Mineral nutrition and plant disease 
2.5.1 The importance of nutrients in plant growth 
Nutrients are essential to ensure adequate growth in higher plants. Nutrients such as 
carbon, oxygen, hydrogen, nitrogen, phosphorus, potassium, magnesium, calcium, and 
sulphur are required in large quantities and are therefore known as macronutrients, while 
others such as iron, manganese, copper, zinc, boron, molybdenum, and chlorine are 
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required in relatively small amounts and are known as micronutrients. The role of 
macronutrient in higher plants is as a constituent of major plant structural and protoplasmic 
products, whereas micronutrients are involved in enzymatic reactions and as hormone 
components in plant tissue (Fageria et al. 2006).  
Both macro and micronutrients are equally important for plant growth. Plant growth is 
significantly affected if any of these nutrients are deficient due to low soil supply or other 
factors that inhibit plant uptake (Fageria et al. 1997). These nutrients must not only be 
taken up in sufficient quantity by the plant, but also must be absorbed in balanced 
proportion with other nutrients to ensure efficient metabolism, high production and 
unimpeded development (Fageria et al. 2006). 
2.5.2 The relationship of nutrients in plant disease resistance or tolerance 
Nutrients influence the plant growth rate and their ability to protect themselves from 
pathogen invasion (Agrios 2005). Mineral nutrition may increase or decrease plant 
resistance or tolerance to pathogens (Marschner 1995). Resistance is the ability of the 
host to restrict infection, growth, and reproduction of pathogens, while tolerance is defined 
as the host’s ability to maintain its growth and productivity despite being infected by a 
pathogen (Graham & Webb 1991).  Despite the fact that resistance and tolerance are 
determined by genes, they are also influenced by the plant environment, particularly 
deficiencies or toxicities of essential nutrient (Marschner 1995). 
Plants with sufficient nutrients show the highest resistance to disease, while suboptimal 
nutrient levels predispose them to disease infection (Marschner 1995). For example, the 
wheat variety Kenya when grown on sand solution was found to be more susceptible to 
mildew infection if boron and copper were deficient, but relatively resistant to infection in 
balanced nutrition (Schutte 1967).  In term of tolerance, it is generally accepted that plants 
suffering from nutrient deficiency have lower levels of tolerance to disease infection and 
correcting nutrient deficiencies by fertiliser application improves their tolerance. Vigorous 
growth of a plant results in a higher capacity to compensate for the losses due to infection 
(Marschner 1995). Therefore, nutrient management through fertiliser application is an 
important disease control in agricultural practices (Huber & Graham 1999).  
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There are four possible explanations for how the applied nutrients influence plant disease: 
1) nutrient stimulates plant growth and this can change the crop microclimate and thereby 
influence the penetration and sporulation of the pathogen; 2) nutrient influences the 
development of cell walls and tissue, and also the biochemical constituents of the plant; 3) 
the nutrient facilitates rapid growth which allows plant to avoid the disease at the critical 
infection stage; 4) pathogen is directly influenced by changes in the soil environment 
(Fageria et al. 1997). 
2.5.3 Pathogen effect on plant nutrient status 
Plant nutrient status can be altered by many pathogens, and it is difficult to clearly identify 
the biotic and abiotic factors that interact to cause a nutrient deficiency or excess (Huber 
1989). In addition, there are pathogens that are able to alter nutrient availability in the 
rhizosphere (the soil adjacent to the roots) or produce diseased tissue by immobilizing the 
nutrient. Others pathogens may obstruct the translocation or utilization of nutrients in the 
plant tissue, while others may cause hyperaccumulation in particular tissues. Other 
organisms like soil borne pathogens might use a nutrient for their own metabolic 
processes, thereby decreasing its availability for the plant and increasing their 
susceptibility to pathogens due to nutrient deficiency (Huber & Graham 1999). 
Disease caused by fungal or bacterial wilt infection usually impairs nutrient translocation 
and utilization as a result of the malfunction of the vascular system. The pathogen also 
influences membrane permeability or nutrient mobility to infected areas and causes a 
deficiency or toxic levels of nutrients in the cell, although the concentration in the plant 
tissue may be unaffected and there is no visual symptoms of deficiency or toxicity (Huber 
& Graham 1999). 
2.5.4 Identification of nutrient and disease interaction 
The effect of nutrition on disease incidence is characterized by the following: 1) 
observation of fertilization effects on disease severity; 2) comparison of the nutrient levels 
associated with resistant and susceptible plants, or diseased and healthy plants; and 3) 
observation of common patterns in nutrient-disease interactions, or combinations of these 
observation. The effect of nutrients on disease severity is often observed incidentally after 
18 
 
a fertiliser program has been implemented (Huber 1989; Huber & Graham 1999; Huber et 
al. 2012). Fertiliser application is required in agricultural production, particularly to increase 
productivity if the plants have a nutrient deficiency, and the fertiliser applied often shows a 
secondary effects on the incidence plant disease. Based on these observations, 
comprehensive studies on plant nutrition and disease interactions have been carried out 
under controlled conditions (Huber & Graham 1999). 
The applied nutrients may increase or decrease disease severity, depending on the 
nutrient, plant nutrition status, plant species, and pathogen (Marschner 1995). An 
observation on take-all of wheat plants found that with N or Mn deficiency, the plants were 
more susceptible to infection when compared with plants that were supplied with sufficient 
nutrients (Brennan 1992).  Chase (1989) observed that increasing the rate of N, K, or the 
complete fertiliser reduced the symptoms and severity of bacterial disease caused by 
Xanthomonas campestris in White Butterfly plants. An integrated management study in 
Malaysia conducted by Tay et al. (1989) revealed that there were indications that higher 
rates of nitrogen and potassium may reduce the severity of VSD development in cocoa. 
There are correlations in the plant nutrient status with diseased and healthy tissue, and 
between susceptible and resistant plants. For example, high Si content in the tissue of rice 
has been correlated with resistance to blast, sheat blight, brown spot, and stem rot of rice 
(Huber & Haneklaus 2007). Macerating disease caused by Fusarium solani, Erwinia 
carotovora, Phytium myriotylum, Rhizoctonia solani, Sclerotinia minor, and Sclerotium 
rotfsii were affected by high Ca content. Potassium uptake was higher in wilt resistant flax 
than a susceptible one (Huber & Haneklaus 2007). 
Observations of the general patterns that influence nutrient availability, such as soil pH, 
moisture, and form of nutrient in the soil solution, might be useful for identifying nutrient 
and disease interactions. There are diseases that often appear at low or high soil pH, low 
or high moisture content, and depend upon nitrate or ammonium based nutrient (Huber & 
Graham 1999). Rosellinea root rot is a disease in cocoa plants and its incidence is 
associated with high soil moisture, soil pH and organic matter (Garcia et al. 2003). The 
incidence of charcoal rot in cotton seedlings was found to be correlated with high soil 
moisture, while the survival rate of seedlings was found to be affected by potassium, 
19 
 
calcium carbonate, magnesium, and phosphorus in the soil (Aly et al. 2008). Based on this 
association, there has been a focus on investigating the effects of specific nutrients on 
disease incidence or severity. The form of fertiliser application is also important, with 
inorganic fertiliser having been shown to have a major effect on plant disease (Huber & 
Graham 1999). 
2.6 Plant defence to pathogen infection and metabolic pathway to resistance 
In general, plants have an active system for responding to pathogen attack. There are 
natural defences that protect the plant from pathogen invasion by the inhibition of fungal 
germination, germ tube elongation and penetration of the cuticle. Disease develops when 
a pathogen is able to break down these natural defences (Kolattukudy & Koller 1983; 
Grayer & Kokubun 2001). 
1. Structural barrier 
The cuticle and cell walls are structural defences that have a significant role in providing 
protection from pathogen invasion (Kolattukudy & Koller 1983). 
a. Cuticle 
The cuticle is the first layer of defence against pathogen invasion. It is formed by cutin, a 
hydrophobic material comprising fatty acids and fatty esters (Walters 2010). Cuticle 
thickness may increase resistance to pathogens since it prevents penetration; however 
there is not always such a relationship (Agrios 2005). 
b. Cell Wall 
Cellulose is the main component of cell walls, bundled into fibres known as microfibrils that 
provide vigour and elasticity to the cell wall. There are two groups of polysaccharides in 
the cell wall, cross-linking glycans and pectins. The cross-linking glycans contain 
hemicellulose fibre to support vigour via cross-linkage with cellulose, whereas hydrated 
gels are formed by pectins to join with the other cells. The thickness of the cell wall 
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influences pathogen invasion, since a thick and hard cell wall provides an impermeable 
barrier to fungal infection (Walters 2010).  
According to Metraux and Raskin (1993) lignin deposition occurs in the cell wall, 
thickening it and making it less permeable to pathogen penetration. Lignification take place 
either as a natural process or in response to pathogen infection (Nicholson & 
Hammerschmidt 1992). The role of lignin in defence is by blocking the hyphae 
development physically or by trapping the pathogen in the lignified chamber. The 
pathogen produces enzymes and toxic components in the host plant; diffusion of these 
substrates onto the cell is inhibited by the lignified walls. The walls also block the 
pathogen’s uptake of water and nutrients from the host, thereby enabling the plant to resist 
degradation (Hammerschmidt et al. 1985). 
c. Stomata 
This is the entrance point of some pathogens. For example, stem rust of wheat can only 
penetrate via open stomata. Rust resistant varieties open their stomata in the afternoon; 
the pathogen spores become dehydrated before successfully entering the stomata (Agrios 
2005). 
2. Chemical barrier 
Although the structural barriers are able to provide protection against pathogen invasion in 
some cases, there is another defence mechanism, chemical compounds, which can 
provide a second protection mechanism when the physical barrier is successfully broken 
by the pathogen. These compounds are produced in response to a metabolite reaction as 
a natural part of plant growth and, for some of them, are a response to pathogen infection 
(Hammerschmidt et al. 1985; Walters 2010). These substrates are either toxic or provide 
conditions that inhibit the growth of the pathogen in the plant tissue (Agrios 2005). 
a. Preformed phenolic compounds 
Phenolic compounds are essential for preventing pathogen growth in the plant tissue 
(Nicholson & Hammerschmidt 1992). The compounds are produced in shikimic acid or 
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malonic acid pathways. Accumulation of these chemicals is thought to provide resistance 
against pathogen invasion (Walters 2010).  
 
b. Phytoalexins 
Phytoalexins are secondary metabolites resulting from pathogen infection (Walters 2010). 
There are more than 300 molecules recognized as phytoalexins, produced from 900 plant 
species in 40 families. For example, the Leguminosae, Solanaceae, and Brassicaceae 
families produce isoflavonoids, sesquiterpenes and sulphur containing indoles, 
respectively (Garcion et al. 2007). 
The synthesis of phenolic compounds and phytoalexins in the plant tissue is prominently 
affected by age of the plant tissue, and environmental factors such as water, light, and 
mineral nutrition (Walters 2010). Micronutrients play an important role in the synthesis of 
lignin and phenolic compounds that are essential in plant defence mechanisms, the 
process is presented in Fig. 2.2 (Graham & Webb 1991). 
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Figure 2.2 Metabolic pathways of lignin and phenol biosynthesis affected by micronutrients 
Source: Graham and Webb 1991 
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It is clear from the Figure 2.2 that most micronutrients are involved in phenol metabolism 
and final polymerisation of lignin. Therefore, at the time of pathogen invasion, the 
micronutrient status of the host plant influences the defence mechanism (Graham & Webb 
1991). In addition to its direct role in the physiological and biochemical processes in 
responding to pathogen attack, the effect of micronutrients in reducing disease severity 
may also contribute to host resistance. Nutrient deficient plants are often predisposed to 
disease infection because their intracellular metabolite becomes ideal for substrate 
feeding by the pathogen (Dordas 2008).  
Micronutrients application has been reported to reduce disease severity in crops. For 
example, the severity of Hualongbing (HLB) disease in citrus has been shown to be 
effectively suppressed by the application of foliar copper and zinc combined with calcium 
(Khairulmazmi 2011). In his study, zinc concentration of citrus trees affected by the 
disease were lower than the optimum suggested ranges and the foliar sprays increased 
the concentration. Simoglou and Dordas (2006) demonstrated that wheat resistance to tan 
spot disease increased by foliar application of B, Mn and Zn which resulted in reducing 
disease severity. Similar to this, Mn application decreased potato scab and light blight of 
potato and stem rot caused by Sclerotinia sclerotinium (Agrios 2005).  
2.6.1 Copper and plant diseases 
Copper is usually found in the silt and clay fractions of soil and is available in carbonate 
fractions in alkaline soil and Fe oxide fractions in acidic soil. The average concentration in 
the soil is 30 ppm, with a range in the world’s soils from 2-100 ppm soil (Fageria et al. 
2002). A soil is considered to be copper deficient if the copper concentration is less than 2 
ppm. However, in North America 0.5 ppm of copper in the soil has been reported to be 
adequate for annual crops such as beans, peas, wheat, and corn (Evans et al. 2007). 
The function of copper in plants mainly relates to the biological redox system in plant 
metabolism. The element is also the main component of oxidases, such as cytochrome 
oxidase, diamine oxidase, phenol oxidase, DOPA oxidase, tyrosinase, phenolase, 
polyphenol oxidase, laccase, plastocyanin, and Cu Zn superoxide dismutase. Other 
activities affected by copper are pollen formation and viability, pollination, desaturation of 
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lipids, and its role in biosynthesis of lignin, quinones, and carotenoids (Marschner 1995; 
Hajiboland 2012). 
Copper and disease interaction 
Many fungal diseases have been associated with Cu, as presented in Table 2.3 Copper 
has been shown to reduce the severity of numerous diseases including take-all of barley 
and wheat, anthracnose of bean, leaf and fruit spot of citrus, and black pod of cocoa. 
However, high copper levels seem to increase the incidence of damping off and root rot of 
canola (Evans et al. 2007). 
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Table 2.3 Fungal diseases affected by copper 
Disease Pathogen  Host Effect of Cu 
Take-all Gaumannomyces graminis Barley, wheat  Decrease  
Anthracnose Colletotrichum lindemuthianum Bean  Decrease 
Damping off, brown root rot Rhizoctonia solani Canola (rape) Increase  
Leaf spot, fruit spot Septoria citri Citrus  Decrease  
Black pod Phythophthora palmivora Cocoa  Decrease  
Coffee berry Glomerella cingulate Coffee  Decrease  
Wilt  Verticillium albo-atrum Cotton  Decrease  
Wilt Verticillium dahlia Cotton  Decrease  
Root rot Phythophthora cinnamomi Eucalyptus  Decrease  
Blight  Phythophthora spp. Euonymus Decrease  
Blight Botrytis cinerea Grape Decrease  
Stem cancer Phomopsis viticola Grape Decrease  
Downy mildew Plasmopara viticola Grape Decrease  
Rotbrenner  Pseudopeziza tracheiphila Grape Decrease  
Powdery mildew Uncinula necator Grape Decrease  
Greasy spot Mycosphaerela citri Grapefruit Decrease  
Downy mildew Pseudoperonospora humuli Hops Decrease  
Tar spot Rhytisma acerinum Maple Decrease  
Storage rot Alternaria porri Onion Decrease  
Storage rot Aspergilus niger Onion Decrease  
Storage rot Botrytis alii Onion Decrease  
White rot Sclerotium cepivorum Onion Decrease  
Brown rot Phytophthora citrophthora Orange Decrease  
Brown rot Phytophthora syringae Orange Decrease  
Leaf spot Ascochyta rabiei Pea Decrease  
Root rot Aphanomyces euteiches Pea Decrease  
Black spot Venturia pirina Pear  Decrease  
Needle disease Dothistroma pini Pine  Decrease  
Root rot Phytophthora cinnamomi Pine  Decrease  
Early blight Alternaria solani Potato  Decrease  
Bud death Pycnostysanus azalea Rhododendron  Decrease  
Blast Magnaporthe grisea Rice Decrease  
Ergot Claviceps purpurea Wheat  Decrease  
Mildew Phytophthora infestans Tomato Decrease  
Source: Evans et al. 2007  
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The effect of copper on plant diseases may be through direct toxicity to the pathogen 
(fungicidal effect) or on host resistance (Graham & Webb 1991; Evans et al. 2007). 
Copper has been demonstrated to have a positive effect on reducing fungal infection since 
1902, when it was applied as fungicide in concentrations 10-100 times higher than that 
used in correcting Cu nutrient deficiency (Graham & Webb 1991). The earliest copper 
based fungicide was a Bordeaux mixture which was made by mixing 3.6 kg lime and 3.6 
kg CuSO4 in 378 L of water. The Cu in this mixture was found to be highly soluble and 
accumulated to toxic levels which then inhibited fungal germination and growth of bacterial 
cells (Evans et al. 2007). However, the direct effect of Cu on the pathogen is only effective 
when spraying is conducted during the initial stage of infection (Graham & Webb 1991). 
Behlau et al. (2010) observed that copper based fungicides significantly decreased the 
incidence of citrus canker and increased productivity by reducing the percentage of fallen 
fruit, in response to spraying trees with low or moderate disease severity. The Cu based 
fungicide has also been shown to perform better than other fungicides in reducing black 
pod disease of cocoa, both in in-vitro and in field trials (Reddy & Mohan 1984). The 
inhibition of root rot in gerbera by copper in solution is likely caused by zoospore toxicity 
which reduced sporangial production of Phytophthora spp (Toppe & Thinggaard 1998). 
Probably the best way to demonstrate the interaction between copper and host-resistance 
to a pathogen is if soil Cu fertilisation effectively depresses leaf infection, such as 
decreasing powdery mildew disease severity in wheat (Graham & Webb 1991). This 
relationship would require the presence of Cu deficiency in the growing media. For 
example, the development of plant resistance to Erysiphe graminis in mature wheat was 
shown to be inhibited by Cu deficiency (Graham & Webb 1991). Another example in 
western Canada, incidence of ergot disease in wheat, barley and oats was related to 
copper. Cu deficiency caused the normal flower to open and become predisposed to 
pathogen infection. However, copper deficiency did not result in ergot infection in rye since 
the plant has open pollinated flowers (Evans et al. 2007). 
Copper deficiency results in higher susceptibility to disease infection on account of the 
following reasons: 1) a reduction in the activity of phenol oxidase that is involved in lignin 
biosynthesis and function as phytoalexins which also impede fungal germination and 
growth; 2) lignification is directly influenced by copper status, with Cu deficient tissue being 
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associated with impaired lignification of cell walls which usually provide a physical barrier 
to pathogen infection; 3) accumulation of soluble carbohydrates; and 4) delaying leaf 
senescence (Marschner 1995). 
2.6.2 Zinc and plant diseases 
Zinc is derived from igneous and sedimentary rocks and occurs in the lattice structure of 
primary and secondary minerals. The element dissolves in soil solution in ionic or complex 
forms and may exist on clay minerals, organic matter, or be bound on solid surfaces as 
Zn2+, ZnOH+, or ZnCl- (Daroub & Snyder 2007). Compared with other micronutrient, Zn 
deficiency is the most common nutritional disorder which occurs in more than 50% of soils 
in the world; it is widespread in tropical and temperate regions such as Turkey, Australia, 
China, Nigeria, Ivory Coast, Sierra, Sudan, and Brazil (Grewal 2001; Fageria et al. 2002; 
Fageria & Stone 2008). The zinc concentration in the soil is low, between 10 to 300 ppm of 
soil with an average of 50 ppm (Fageria et al. 2002). 
Zinc is mostly absorbed by plants as a divalent cation (Zn2+) and most likely as ZnOH- 
(Marschner 1995). Zn is the main constituent of at least 300 enzymes in the plant tissue. 
The role of zinc in these enzymes is either as a catalyst (such as carbonic anhydrase, 
carboxypeptidase, alkaline phosphatase, and phospholipase) or structural (for example, 
alcohol dehydrogenase, CuZn-SOD, and RNA polymerase). Zn is also involved in the 
reaction of other enzymes where Zn is not the main component (Hajiboland 2012).      
Zn and disease interaction 
There are various effects of zinc on disease, with the levels of some diseases being 
reduced by zinc, while others are increased; in yet others there is no effect (Graham & 
Webb 1991; Grewal et al. 1996; Dordas 2008). Table 2.4 summarises the effects of zinc 
on various plant diseases.  
Zinc fertilization in wheat plants was shown to inhibit fungal colonization in crown rot 
disease caused by Fusarium graminearum (Sparrow & Graham 1988). A further study by 
Grewal et al. (1996) indicated that in wheat, Zn efficient cultivars show the best resistance 
to crown rot disease in low Zn soils, while inefficient cultivars exhibited growth depression 
28 
 
due to F. graminearum infection, but this effect can be overcome by the application of 
higher amounts of Zn. Similarly, zinc fertiliser was reported to significantly reduce 
Fusarium infection in wheat grown in nutrient solution (Khoshgoftarmanesh et al. 2010). 
The application of zinc fertiliser at a rate of 4 kg per ha effectively reduced the severity of 
root rot and leaf disease in 5 out of 6 alfalfa cultivars (Grewal 2001). In his study, the zinc 
fertilized plants had better nutrient status and root growth, and the plants were therefore 
able to resist Phytophthora root rot and leaf spot disease. Thongbai et al. (1993b) 
observed a significant correlation between Rhizoctonia root rot and Zn status in cereals, 
the disease severity falling markedly as the concentration of Zn increased from 5 to 10 
ppm.  
Zinc deficiency was found to enhance disease severity caused by Rhizoctonia in wheat 
(Thongbai et al. 1993a). In other research, zinc seems to increase crown and root rot 
severity in tomato (Duffy & Defago 1999). The zinc treatment resulted in a detrimental 
effect on growth and the plants became more susceptible to Fusarium oxysporum infection 
which possibly was due to increasing sugar level (Duffy & Defago 1999). A similar result 
was observed by Jones and Woltz cited in Duffy (2007), where infection of Fusarium wilt in 
tomato plants was significantly reduced by the addition of lime which decreased the 
availability of zinc in the soil. 
 
 
 
 
 
 
 
 
29 
 
Table 2.4 Plant diseases affected by zinc 
Disease Pathogen  Host Effect of Zn 
Root rot Rhizoctonia solani Wheat  Decrease  
Take-all Gaeumannomyces graminis Wheat Decrease 
Root rot Rhizoctonia solani, R. 
bataticola 
Cowpea  Decrease  
Root rot Rhizo tonia solani Alfalfa Decrease 
Root rot Phytophthora megasperma f. 
Sp. medicaginis 
Alfalfa Decrease 
Leaf spot Pseudopiza medicaginis Alfalfa Decrease 
Smut Ustilago maidis Maize  Decrease  
Leaf blotch Mychosphaerella dendroides Pecan  Deficiency predisposes to 
disease Brown leaf spot Cercospora fusca Pecan  Deficiency predisposes to 
disease Mildew Oidium sp Rubber  Deficiency predisposes to 
disease Citrus blight unknown Citrus spp Accumulates in phloem of 
affected trees Mildew  Erysiphe graminis Wheat  Increase  
Crown and root rot Fusarium oxysporum Tomato  Increase  
Vascular wilt Fusariun oxysporum Various host Increase  
Crown and root rot Fusarium graminearum Wheat  Reduces pathogen spread 
and disease severity Powdery scab Spongospora subterranea 
f.sp subterranea 
Potato  Re uces disease 
incidence and severity Crook root Spongospora subterranea 
f.sp subterranea 
Watercress Reduces disease and 
prevents infection Common scab Streptomyces scabies Potato  N gligible  
Source: Duffy 2007 
The beneficial effects of zinc in depressing disease severity may be attributed to the 
fungistatic effect of the zinc ion (Graham & Webb 1991). Wale et al. 1992 cited in 
Braithwaite et al. (1994) observed the inhibition of zoospore formation by powdery scab 
pathogens in a bioassay experiment under laboratory conditions. Zinc sulphate at 100 g/ml 
significantly depressed mycelial growth of Fusarium oxysporum and Phytophthora 
cryptogea in agar cultures; zoosporangia formation of P.cryptogea in peat extract was also 
reduced by zinc sulphate (Orlikowski & Skrzypczak 1994). A further study by Skrzypczak 
et al. (1996) found there was inhibition of the development of root rot caused by 
P.cryptogea in gerbera plants supplied with zinc chelate or zinc sulphate in the top 
dressing medium.    
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The physiological role of zinc as an essential element might be related to plant disease 
resistance or tolerance, since zinc deficiency predisposes plants to susceptibility to 
diseases (Graham & Webb 1991), such as, leaf blotch and brown leaf spot in pecan and 
mildew in rubber (Table 2.4).  Bollejones and Hilton (1956) observed zinc deficient rubber 
plants were more susceptible to Oidium sp infection when compared with zinc sufficient 
ones. Severe zinc deficiency has also been associated with high disease incidence. High 
rates of infection of mildew in rubber plants have been attributed to sugar leakage onto the 
leaf of zinc deficient plants, which increased the infection and severity of mildew (Fageria 
et al. 1997). Kostandi et al. (1997) reported increased zinc content, dry matter yield, and a 
10% decrease in smut disease index in corn, after soil applications of zinc fertiliser. In 
contrast, the zinc unfertilized treatment showed marked symptoms of zinc deficiency and a 
higher disease index.  
There have been no clear explanations on how zinc depresses disease development in 
some plants (Graham & Webb 1991). Zinc is a constituent of many enzymes, including 
RNA polymerase which regulates protein synthesis. There is a possibility that in a zinc 
deficient growing environment, the deposition of non-protein and soluble amino acids 
makes the plants more vulnerable to the development of a fungus, resulting in an increase 
of disease severity (Kostandi et al. 1997). Another possible explanation as to how zinc 
depresses disease severity might be related to the role of zinc in providing integrity or 
membrane stability, particularly in preventing the leakage of root membranes (Graham & 
Webb 1991). The justification for this reasoning is that roots of zinc deficient plants 
(Eucalyptus marginata and E.sieberi) were found to be attacked by more zoospores of 
Phytophthora cinnamomi than the roots of zinc sufficient ones. Possibly the zinc deficient 
plant suffered a leakage in the root membranes which resulted in higher levels of 
carbohydrate and/or amino acids, which attracted more zoospores by chemotaxis 
(Graham & Webb 1991).  The application of high rates of ZnSO4 has been found to reduce 
root rot infection in soybean and enhance the population of antagonistic microorganisms, 
which might explain the effects of zinc on other organisms (Graham & Webb 1991). 
Another possibility is an involvement of zinc in disease resistance, since correlation has 
been established between disease severity and zinc status in susceptible and resistant 
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plants; there is also a strong relationship between plant varieties and zinc uptake (Graham 
& Webb 1991).  
2.6.3 Potassium and plant disease 
Potassium is taken up by plants in cationic form (K+), while most of the K in the soil exists 
in an inorganic form. Many soils in the world contain abundant amounts of K, but the form 
is not soluble, for example, feldspar and micas or when K is bound in lattice clays minerals 
like illite. Consequently, K deficiency can be found even in soils with a high concentration 
of total K (Daroub & Snyder 2007). There are four fractions of potassium in the soil, these 
being soluble K (0.1-0.2% of total K), exchangeable K (1-2%), non-exchangeable K (1-
10%), and mineral K (90-98%). The mineral form of K is unextracable for the plant, thus 
available K in the soil is in limited quantity (Prabhu et al. 2007). Walter et al. (2011) 
reported that potassium deficiency in sweet potato on volcanic soils in Papua New Guinea 
was attributed to low soil exchangeable K in old plantations.  
Potassium is the most essential plant nutrient after nitrogen, and is required for balanced 
plant growth and development. The functions of potassium in plant physiology are: 
regulation of cellular osmotic function; involvement in photonastic (response to light) and 
thigmonastic (response to touch) movements; activator  for at least 60 enzymes in 
meristematic tissue and the cell plasma membrane; the development of meristematic cells 
which affects the loosening of the cell wall matrix and cell swelling to  boost the cell 
volume; involvement in carbohydrate partitioning, and protein metabolism (Rice 2007). 
K and disease interaction 
A single application of potassium fertiliser or in combination with other nutrients such as 
nitrogen or phosphorus, influences the susceptibility of plants to pathogen infection. There 
is variability in the effects of K on disease development in terms of whether it causes an 
increase, decrease, or has no effect. The effect of K on disease susceptibility in plants 
cannot be generalized, although most publications report a reduction in disease severity in 
response to the application of K fertiliser (Table 2.5) (Prabhu et al. 2007).  
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Table 2.5 Number of published papers reporting the effect of Potassium on disease 
 Disease 
decrease 
Disease 
increase 
No effect Total 
Fungal disease 89 33 8 130 
Bacterial disease 19 5 * 24 
Virus disease 9 5 3 17 
Nematode disease 3 6 1 10 
Source: Prabhu et al. 2007 
Potassium has been shown to reduce the severity of  Xanthomonas blight in Syngonium 
podophyllum (Chase 1989), Septoria tricici blotch in wheat (Arabi et al. 2002; Mann et al. 
2004), powdery mildew and spot type-net blotch in barley (Trolldenier 1982; Brennan & 
Jayasena 2007), leaf drop and common leaf spot in alfalfa (Grewal & Williams 2002), leaf 
spot in mungbean (Misra & Bhattacharyya 1999), powdery mildew in cucumber (Reuveni 
et al. 1996), and Hypoxylon canker in aspen wood (Teachman et al. 1980). On the other 
hand, higher rates of potassium increased susceptibility to anthracnose disease of 
strawberry (Nam et al. 2006) and had no effect on the incidence of gray mold and purple 
stain of soybean (Andrews & Svec 1976), alternaria of potato (Blachinski et al. 1996), 
crown rust of oat (Gaspar et al. 1994), and leaf rust of barley (Brennan & Jayasena 2007). 
The beneficial effects of potassium in reducing disease severity are related to the nutrient 
status of the host plants. Potassium deficient plants are more prone to pathogen infection 
than potassium sufficient plants, and diseases can be effectively controlled by K fertiliser 
application (Marschner 1995; Huber et al. 2012). Brennan and Jayasena (2007) observed 
that in soils deficient in K, barley plants were predisposed to powdery mildew and spot 
type-net blotch disease, and the application of K fertiliser increased the grain yield and 
decreased disease severity. The effect of potassium on resistance to Verticillium wilt in 
pistachio and cotton are only evident when the element is deficient in the soil 
(Pennypacker 1989). It has also been noted that additional applications of potassium to K 
deficient soils not only reduce wilt incidence but also decrease its severity. Potassium 
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fertiliser significantly decreased the severity of Rhizoctonia oryzae-sativa in rice after the 
third year of application when the soil K was below the critical level (Linquist et al. 2008). 
Potassium fertiliser has also been reported as a potential disease control strategy for 
wheat in Asia (Sharma et al. 2005). The application of 30 and 60 kg K2O reduced the area 
affected by Helminthosporium leaf blight by 43% and 51% respectively. Low rates of 
potassium fertiliser in the absence of fungicide treatment produced the same grain yields 
as fungicide treatment in the absence of K fertiliser, indicating that the use of K fertiliser is 
a prospective approach in managing this disease. Reuveni and Reuveni (1998) reported 
that foliar sprays of potassium salt, or in combination with phosphate, have induced 
systemic resistance to powdery mildew in cucumber, and powdery mildew and rust in 
barley. 
The application of potassium fertiliser increases the tolerance or resistance to disease in 
the same way as increasing the yield response to potassium supply in K deficient soil. 
However, increasing the potassium supply to a level higher than the optimum rate for 
maximum growth may not result in further increases in resistance to disease (Marschner 
1995). The application of K fertiliser at levels greater than those required to produce 
maximum yield of barley, did not provide a further decline in the percentage leaf area 
affected by powdery mildew and spot type-net disease in barley (Brennan & Jayasena 
2007).  
Changes in enzyme activity and organic compounds in potassium deficient plants are 
responsible for their susceptibility to fungal infection. In potassium deficient plants, there is 
impairment in the production of high-molecular organic- compounds and an accumulation 
of low-molecular organic- compounds, such as soluble sugar, organic acids, amino acids, 
and nitrate (Marschner 1995). The amounts of soluble sugars, amino acids, and organic 
acids are likely to be higher in K deficient plants, thereby providing conditions which suit 
pathogen growth and substrate feeding (Amtmann et al. 2008). The level of susceptibility 
of tomato seedlings to fungal infection by Botrytis cinerea has been shown to be correlated 
positively with the concentration of soluble carbohydrate, where susceptibility to fungal 
infection increases as the level of soluble carbohydrates increases (Hoffland et al. 1999). 
In potassium deficient plants, the accumulation of N inorganic compounds in tracheal sap 
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provides conditions suitable for bacterial growth in maize (Huber & Arny 1985). A similar 
mechanism is involved in the reduction of stalk rot and northerrn leaf blight of maize, and 
take-all and white rust of wheat, in response to potassium salt fertilization (Huber & Arny 
1985). However, the reduction in disease in these situations was mostly due to Cl- rather 
than a direct effect of K. The presence of chloride in potassium salt suppresses the uptake 
of NO3
-  and  reduces disease incidence (Huber & Arny 1985; Prabhu et al. 2007). 
In resistant plant genotypes, there is an accumulation of phenols, amino acids, auxins, and 
phytoalexins in the infected area, and this deposition is influenced by potassium levels 
(Huber & Arny 1985). The synthesis of phenolics in Brassica campestris was increased by 
the application of potassium which, in turn, reduced the severity of black spot disease 
(caused by Alternaria brassicae) because the compounds inhibited pathogen germination 
and sporulation (Ghorbani et al. 2008). 
Silicification of the cell wall is enhanced by K nutrition which also plays an important role in 
disease resistance (Prabhu et al. 2007). Potassium deficient rice has been shown to be 
more susceptible to rice blast, because accumulation of Si in epidermal cells was 
decreased (Noguchi & Sugawara 1966). The development of a thicker cuticle and cell 
walls in response to K and P is useful as a structural barrier against pathogen infection 
and for inhibition of fungal growth (Prabhu et al. 2007). 
Potassium level alters the levels of plant exudates, for example, arginine in the leaves 
which can inhibit fungal germination. Potato plant resistance to late blight increases in 
response to the production of a higher concentration of fungistatic arginine in the leaves as 
a result of increasing K status (Prabhu et al 2007; Huber & Arny 1985). Potassium has 
also been shown to increase tobacco resistance to alternaria, cercospora, and sclerotinia 
because of the reduction of free glutamine and glutamic acids in susceptible plants (Huber 
& Arny 1985).  
Disease resistance has been associated with high levels of potassium in the plant tissue 
(Huber & Arny 1985). Leaf infection of Cercospora beticola in sugar beet has been 
correlated with nitrogen, potassium, copper and zinc levels. Increasing levels of these 
nutrients in the leaves has corresponded with reductions in leaf infection (Gorski 2009). 
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The higher potassium uptake in resistant genotypes than susceptible ones may contribute 
to their ability to resist pathogen infection (Prabhu et al. 2007). The potassium content of 
younger coconut leaves resistant to leaf blight infection has been found to be higher than 
susceptible leaves (Karthikeyan & Bhaskaran 1998).  
2.7 Disease control by managing nutrient 
Balanced nutrient levels which can produce high yield and provide an effective disease 
control, are essential in intensive farming. Fertiliser application directly affects plant 
disease progression by increasing plant nutrient status and, indirectly, by influencing the 
environmental conditions such as light interception, density, and humidity (Dordas 2008). 
To achieve the conditions in which the applied nutrient reduces disease development, 
several factors need to be considered (Huber & Graham 1999; Huber & Haneklaus 2007). 
These include: 1) the level of genetic resistance in the plants (susceptible, moderate or 
resistant) and plant nutrient status (excess, sufficient, deficient);  2) predominant form and 
bioavailability of the nutrient;  3) rate, timing, and method of application;  4) balance with 
other nutrients and ions; and 5) integration of management practices and fertiliser 
application. 
Level of plant resistance  
The effect of nutrients may be less significant in highly resistant plants than in tolerant or 
moderately resistant plants, while the most susceptible plants may show high levels of 
disease severity in nutrient conditions that greatly affect the resistance levels of tolerant 
plants (Huber & Arny 1985; Huber & Graham 1999; Huber & Haneklaus 2007; Huber et al. 
2012). For example, silicon fertilization has been found to decrease the progress of leaf 
blight disease in partially resistant and susceptible cultivars of rice (Seebold et al. 2001). 
Grewal (2001) observed that the alfalfa cultivar Aquarius was highly efficient in zinc 
absorption and showed the greatest resistance to Phytophthora root rot. In contrast, zinc 
efficiency of alfalfa cultivars Hunterfield and Hunter River was less than for Aquarius, and 
both of these cultivars were found to be more affected by root rot.  
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Plant nutrient status 
Plant nutrient status influences the yield response to applied nutrients. The addition of 
nutrients promotes plant growth and provides higher disease resistance (Huber et al. 
2012). The greatest levels of disease suppression are observed when the nutrient status is 
raised from deficient to adequate (Huber 1989). However, excessive nutrient supply may 
have the reverse effect; for example, corn resistance to stalk rot is decreased by 
excessive N which causes an imbalance with other nutrients and enhances pathogen 
activity (Huber & Haneklaus 2007). 
Predominant form and bioavailability of the nutrient 
There are variations in the nutrient forms that are taken up by plants, and these may 
influence the disease response because plants use the nutrients in different ways in their 
metabolic pathways (Huber & Haneklaus 2007). Plants absorb nitrogen either as NH4
+ or 
NO3
-, and N forms may have a reverse effect on disease (Huber & Graham 1999). 
Ammonium (NH4
+) has been shown to increase resistance to Verticillium in Antirrhinum, 
potato, tomato, and delayed the symptoms of expression in alfalfa. On the other hand, the 
nitrate form increased disease severity in potato (Pennypacker 1989). The differential 
effects of N form on resistance to Verticillium wilt might be attributed to differing levels of 
root carbohydrate (Pennypacker 1989). Other nutrients that might show diverse effects on 
disease when applied in their different forms are magnesium, sulphur, and iron (Huber & 
Graham 1999). 
Rate, time, and method of application 
There are several factors that affect the availability of the applied nutrients, including the 
residual effects of previous treatments, rate and time of application, microbial activity, 
seasonal losses, efficiency of the plant and plant general health. Nutrient losses can be 
overcome by splitting an application over several phases of growth, considering the 
season for minimal losses and modifications of the chemical or biological conditions that 
alter nutrient availability (liming or soil moisture modification) (Huber & Graham 1999). 
Correcting nutrient deficiency by applying fertiliser at the right time without affecting 
pathogen activity is very important. Nitrogen fertilization of winter wheat during autumn 
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supplies the nutrient requirement during plant growth without stimulating eyespot pathogen 
development. In contrast, fertiliser application in spring increases disease severity (Huber 
& Haneklaus 2007). Soil application of copper is preferable for correcting a deficiency 
rather than foliar application, since the effectiveness of foliar Cu on wheat plants depends 
on the time of application, and is only useful as a quick remedial treatment (Martens & 
Westermann 1991). 
Balance with other nutrients and ions 
Nutrient imbalances might provide unfavourable conditions for plant growth as much as 
nutrient deficiencies or toxicities. With an adequate level of nitrogen and phosphorus, 
potassium decreases take-all, but increases it if N and P are deficient (Huber & Graham 
1999; Huber & Haneklaus 2007). An imbalance of nutrients might be due to indirect 
toxicity. For example when an excess supply of aluminium or manganese is present in the 
growing medium, this may inhibit the acquisition, transport and utilization of other nutrients 
and induce a nutritional deficiency (Fageria et al. 1997). The yield of old oil palm trees in 
Sumatra Utara fell and the incidence of Ganoderma disease increased significantly in 
conditions where the micronutrient status of the leaf had declined due to high application 
rates of N and P fertilisers (Tohiruddin et al. 2010).  
Integration of management practices 
Other cultural practices that make nutrients more available to the plant are necessary for 
managing nutrients as well as for disease control. These cultural practices include crop 
rotations, early fallowing, weed control, and the application of lime for pH adjustment 
(Huber & Graham 1999; Huber & Haneklaus 2007).  
2.8 Phosphorus and micronutrient interactions 
High phosphorus availability often correlates with lower trace element status in the plant 
tissue. The phenomenon is referred to as ‘phosphorus induced micronutrient deficiency’. 
Copper, zinc (Pernezny & Collins 1997), and manganese (Wallace et al. 1977) are the 
trace elements which are generally affected by phosphorus (Murphy et al. 1981). The 
phenomenon of P-induced Zn deficiency has been the most commonly studied and 
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reported in P-micronutrient interactions (Nichols et al. 2012). Many agricultural crops 
including maize, rice (Haldar & Mandal 1981), okra (Loneragan et al. 1982), cotton 
(Cakmak & Marschner 1986), lettuce (DeIorio et al. 1996), wheat (Zhu et al. 2001; Imtiaz 
et al. 2006), barley (Zhu et al. 2002; Li et al. 2003), and chickpea (Srinivasarao et al. 
2007), have been reported to be significantly affected by this interaction. 
Some authors have reported that enhancing P supply can decrease shoot zinc 
concentration, which results in Zn deficiency symptoms and reduced growth. (Timmer & 
Teng 1990) observed chlorosis of new leaves and a depression of growth in hybrid poplar 
cuttings treated with high phosphorus fertiliser, while the seedlings that received combined 
phosphorus and micronutrient fertiliser had significantly better growth. However, necrotic 
and chlorotic leaves may not always be the result of zinc deficiency. Loneragan et al. 
(1979), Loneragan et al. (1982) and Cakmak and Marschner (1986) found that phosphorus 
toxicity symptoms due to low zinc and high P supply resembled zinc deficiency symptoms. 
Srinivasarao et al. (2007) reported that the application of high levels of P fertiliser 
significantly decreased shoot Zn concentration in chickpea. 
There are several explanations for the decline in zinc concentration when P is added to 
the soil. Loneragan et al. (1979) found that high P fertiliser promoted subterranean clover 
growth but the uptake of zinc did not correspond with the increase in the growth rate, 
hence there was a decline in zinc concentration due to a dilution effect. Mousavi (2011) 
suggested that the dilution due to growth is observed when high levels of P fertiliser are 
applied to soils with medium to low P and Zn supply. Other authors have reported that a 
higher P uptake reduced zinc translocation to the shoots in cotton, wheat, and barley 
(Cakmak & Marschner 1986; Zhu et al. 2001; and Zhu et al 2002). In addition to zinc 
translocation, root zinc uptake is also depressed in soils with higher P availability, as 
observed in wheat and brassica cultivars (Zhu et al. 2001; Akhtar et al. 2010).  
Although P-Zn interaction in agricultural crops has been the most commonly studied 
interaction, a phosphorus-copper interaction has also been observed. Buerkert et al. 
(1998) who conducted a field trial in millet, reported depressed copper concentration due 
to P fertiliser, but no information was provided on the mechanism of the P-Cu interaction in 
the soil and plant systems. In a similar context, Srinivasarao et al. (2007) observed a 
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marked reduction in copper in the tissue in response to high P uptake. DeIorio et al. (1996) 
demonstrated that increased P levels did not decrease copper concentration in lettuce 
leaf. However, their results also showed that phosphorus supply did not significantly affect 
tissue P concentration and growth, indicating that phosphorus was not a limiting nutrient.  
Similar to the phosphorus-zinc interaction, a high supply of phosphorus may reduce the 
shoot copper concentration due to the dilution effect of growth, impaired copper 
translocation, and decreased root uptake (Timmer & Teng 1990; Moraghan & Mascagni 
1991; Awan & Abbasi 2000; Zhu et al. 2002). Fernandes and Soratto (2012) suggested 
that copper phosphate formation is the major reason for a decline in Cu concentration in 
potato in high P nutrient solution. Haldar and Mandal (1981) suggested that the reduction 
of copper and zinc concentrations in the plant tops and roots with increasing P fertilization 
of rice is most likely due to the alteration in nutrient uptake resulting from the changes in 
the levels of copper and zinc in the soil.  
It is known that microorganisms such as mycorrhiza influence nutrient acquisition from the 
soil. The uptake of phosphorus and micronutrients with low mobility, such as copper, zinc, 
and iron are generally improved by the symbiosis of plant roots and arbuscular 
mycorrhiza, which allows the plant to grow better under relatively low nutrient supply 
(Fageria et al. 2002). Ortas et al. (2002) reported that mycorrhiza inoculation greatly 
enhanced the uptake of P, Zn, and Cu in sour orange. Their results also showed that soil 
extractable P and Zn levels of inoculated plants were higher than in uninoculated ones.  
Mycorrhizal inoculation and colonization in the plant roots is affected by inorganic fertiliser. 
For example, in relation to phosphorus, few mycorrhizal colonies are observed in soils with 
low P availability, and increasing the soil P supply to the optimum level enhances 
mycorrhizal colonization, while beyond this level, fewer colonies are again present 
(Marschner 1995). Fattah (2013) demonstrated the optimum phosphorus level in soil 
solution at which mycorrhizal colonization enhanced micronutrient uptake in soybean, was 
at medium rate of 0.02 mg/L P. It was also found that with higher phosphorus supply there 
was a decline in micronutrient uptake due to a decline in mycorrhizal activities. Moraghan 
and Mascagni (1991) showed that increasing P in the soil resulted in a reduction in soil 
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exploration by mycorrhizal roots, and this led to a decrease in micronutrient content in the 
plant tissue (e.g. copper content). 
In addition to phosphorus and micronutrient interactions, some authors have reported 
other positive interactions. Nyoki and Ndakidemi (2014) demonstrated that phosphorus 
application increased the uptake of copper, iron, and manganese in cowpea. Similarly, 
Shittu and Ogunwale (2012) reported increasing of zinc concentration in plant tissue of 
soybean in response to the application of superphosphate fertiliser on Nigerian soil. 
Improved root growth in response to P application enables plants to take up increased 
amounts of other nutrients (Shittu & Ogunwale 2012; Nyoki & Ndakidemi 2014). 
Most studies have reported phosphorus and micronutrient interactions in relation to annual 
crops. There is limited information on perennial crops. However, Tohiruddin et al. (2010) 
who studied the long term use of fertiliser in oil palm plantations did report some 
interactions. In their studies, plant tissue nutrient content was monitored in fertiliser trials 
from nine different locations in Sumatra Utara and Sumatra Selatan. The results showed 
that leaf copper was significantly reduced in response to the application of 
superphosphate fertiliser in four trials in Sumatra Utara. Phosphorus appears to inhibit the 
micronutrient translocation from rachis to leaf. Soil properties and root uptake of copper 
were unaffected by P fertiliser application. The reduction in leaf micronutrient level has 
resulted a lower yield and greater incidence of Ganoderma disease. However, a similar 
result was not obtained in five similar trials in Sumatra Selatan (younger oil palm trees 
were used in these trials). 
2.9 Conclusions 
This literature review demonstrates that Oncobasidium theobromae is a serious pathogen 
of cocoa production and causes Vascular Streak Dieback in young and old mature trees. It 
is known that the disease outbreak started in Papua New Guinea in the early 1960s, and 
the occurrence of the disease declined after that period because of the increase in 
resistance in cocoa population. Cocoa resistance to VSD is polygenic which can be 
controlled by environmental factors. Mineral nutrition can influence disease by altering the 
expression of genetic resistance. There is an indication that a balanced fertilization 
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program delays the progression of VSD severity in Malaysia, however there is no 
published report on the effect of nutrition on VSD. Furthermore, practical experience in 
cocoa plantations in Indonesia suggests that dieback cocoa tends to have lower 
micronutrient status compared with healthy areas. It is therefore a need to investigate the 
importance of nutrition in controlling VSD. 
Evidence in the literature indicates that there is considerable knowledge on the effect of 
copper, zinc, and potassium deficiency in increasing susceptibility to pathogen infection in 
other crops. Micronutrient deficiency can be caused by high application of phosphorus 
fertiliser. It is likely that an understanding of the relationship between mineral nutrition and 
disease severity will contribute new information on the management of VSD through 
fertiliser practices.  
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CHAPTER 3  PRELIMINARY STUDY ON COCOA NUTRIENT STATUS AND VSD 
INCIDENCE AT TREBLASALA ESTATE, LONDON SUMATRA INDONESIA 
3.1 Introduction 
Cocoa (Theobromae cacao) is one of the most important beverage crops worldwide, being 
planted mainly in tropical regions. There are challenges to achieving high yields of cocoa, 
particularly due to pest and disease problems in Southeast Asia. Vascular Streak Dieback 
(VSD) is the most prevalent cocoa disease (Keane 2010). The causal agent is 
Oncobasidium theobromae which is aerially dispersed and is able to affect all growth 
stages of the cocoa plant (Keane et al. 1972; Keane 1981; Guest & Keane 2007; Keane 
2010). The incidence of VSD in Indonesia, which was first reported in the early 1980s, is 
widespread in all growing areas (Pawirosoemardjo et al. 1990) and has been the cause of 
a serious yield decline in recent years (Ministry of Agriculture 2012). 
The symptoms of VSD are chlorosis in the second or third leaf from the growing tip and 
these shows green spots which are  referred to  as ‘green islets’; other symptoms include 
traces of  the scars of  fallen leaves,  vascular streaks in the stem tissue, and rough bark 
along the diseased branch (Keane et al. 1972; Keane 1981; Guest & Keane 2007). Guest 
and Keane (2007) reported that expression of symptoms in diseased leaves has changed 
in Vietnam and Indonesia. The diseased leaves show marginal necrosis of the lamina, 
atypical symptoms when compared to the ‘green islets’. The reasons for this change are 
unknown, but Keane (2010) proposed that environmental factors, such as soil nutrient 
status, might have affected the plants and altered the disease symptoms.  
Nutrients are essential for ensuring adequate plant growth, high production, and 
maintenance of plant health (Marschner 1995). The nutritional requirements of cocoa are 
relatively high, especially when planted in acid soils (Baligar & Fageria 2005), such as 
those which often occur in Indonesia. Therefore, fertiliser application is one key 
consideration for increasing cocoa production. In relation to VSD, a balanced fertiliser 
regime is recommended as a cultural practice to manage this disease in plantations 
(Guest & Keane 2007; Keane 2010). Hence, this study was aimed to increase the 
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understanding of the relationship between cocoa nutrition and VSD incidence, based on a 
case study in Treblasala Estate, London Sumatra Indonesia.  
3.2 Materials and methods 
The study was carried out in a commercial cocoa plantation of Treblasala Estate, London 
Sumatra Indonesia which is located in the Glenmore district in the region of Banyuwangi, 
Jawa Timur province, Indonesia. The plantation is located south of the equator between 
latitude 8°23’0’-8°25’0’ and longitude 113°58’0’-114°30’0 E. Intensive cocoa cultivation has 
occurred there since 1990, with the total planted area at the end of 2014 being 
approximately 1,800 ha.   
Site description and soil sampling 
Site selection for this study took account of the following factors: age distribution of the 
cocoa trees in the plantation, disease incidence, and homogeneity of the planting material 
in the plots. Trees in the productive blocks ranged in age from 3 to 23 years.  Therefore 
cocoa blocks with 8, 10, and 20 year old trees were selected as the sampling sites. The 
cocoa genotypes were identified at each site as being either susceptible or tolerant to VSD 
infection, based on the visual appearance of the trees in the commercial blocks (Table 
3.1). Plots comprising 16-25 trees were established. Seventeen plots were defined as the 
experimental sites.  
Using a soil auger, soil samples 0-20 cm in depth were collected 20-30 cm from each tree 
in the treatment plots.  The soil samples from each plot were then homogenized to create 
a composite sample. A total of seventeen soil samples were analysed for their chemical 
properties in an analytical laboratory at Bah Lias Research Station, London Sumatra 
Indonesia. Analyses were carried out for pH, organic matter, P Bray II, Al + H, N total, 
trace elements (Cu, Zn, Fe, Mn), and exchangeable K, Mg, Ca. Soil pH was measured in 
1:5 of soil and water. Organic matter determination was based on the Walkley and Black 
oxidation method (RRIM 1980). Nitrogen analysis followed the N-Kjeldahl procedure. The 
P Bray II method was used to measure the phosphorus content using a 
spectrophotometer. Exchangeable cations were observed in ammonium acetate 1 M pH 7; 
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Mg, Ca and micronutrients were measured using an atomic absorption spectrometer 
(AAS); a flame photometer was used for K (Lubis 2008).  
Leaf sampling 
Leaves from selected plots were sampled for leaf nutrition analysis. Normal (healthy) and 
diseased leaves were taken from each tree in every plot.  The normal or diseased leaves 
from the same plot were combined to create composite samples. For normal leaves, to 
standardize leaf sunlight exposure, samples were taken from the third leaf of a recently 
hardened leaf flush at mid canopy height (Wood 1985). For diseased leaves, the samples 
were taken from diseased branches identified on the basis of the symptoms described in 
Guest and Keane (2007). Branches were sampled in each tree to assess VSD infection. 
When disease was present the tree score was 1, and 0 when there were no disease 
symptoms. As a measure of VSD severity, the number of infected trees was presented as 
a percentage of the total. 
The leaf samples were oven dried at 60°C for 24 hours. The dried samples were then 
ground, ashed and analysed for their nutrient content.  Samples were wet digested with 
H2SO4 according to the N-Kjeldahl procedure for nitrogen determination. For elemental 
analysis, samples were dried, ashed and prepared with HCl and HNO3. Phosphorus was 
determined in a spectrophotometer and potassium in a flame photometer. An Atomic 
Absorption Spectrometer (AAS) was used to determine Ca, Mg, Cu, Fe, Mn, and Zn (Lubis 
2008). 
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Table 3.1 Plots selected for soil and leaf sample collection at Treblasala Estate, Indonesia 
Site Age Genotype Response to VSD Plot No. 
A 8 PBC 123 Tolerant 1 
A 8 PBC 123 Tolerant 2 
A 8 PBC 123 Tolerant 3 
A 8 BL 2936 Moderately susceptible 4 
A 8 BL 2936 Moderately susceptible 5 
A 8 BL 2936 Moderately susceptible 6 
B 10 PBC 123 Tolerant 7 
B 10 PBC 123 Tolerant 8 
B 10 BL 2936 Moderately susceptible 9 
B 10 BL 2936 Moderately susceptible 10 
B 10 BL 342-408 Susceptible 11 
B 10 BL 342-408 Susceptible 12 
C 20 BL 2936 Moderately susceptible 13 
C 20 BL 2936 Moderately susceptible 14 
C 20 BL 342-408 Susceptible 15 
C 20 BL 342-408 Susceptible 16 
C 20 BL 342-408 Susceptible 17 
Information on secondary management practices was collected from the Bah Lias 
Research Station database and Treblasala Estate. This data consisted of: soil chemical 
properties, fertiliser application data, yields, pest and disease scores from commercial 
areas. The data was based on individual blocks from all commercial areas, the annual 
averages for which are summarized in this report.  
Statistical analysis 
Soil and leaf nutrient data from selected genotypes were analysed using Genstat statistical 
software version 16 (VSN International 2014).  An unbalanced treatment structure design 
and a paired t-test were used to compare leaf nutrient levels of healthy and diseased 
leaves.  
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3.3 Results and discussion   
 Secondary data from the plantation management sources, soil and leaf nutrient levels of 
three cocoa genotypes, were investigated to identify any relationships with Vascular 
Streak Dieback (VSD) disease. Tables 3.2-5 and Figure 3.1 provide environmental and 
management information for Treblasala Estate, London Sumatra Indonesia.  
Table 3.2 Rainfall data for 2006-2013 at the Treblasala Estate, Indonesia 
Year   2006 2007 2008 2009 2010 2011 2012 2013 average 
Rainfall 
(mm) 1685 1699 2142 1969 3288 2550 2092 2794 2277 
Dry 
months* 6 5 3 5 0 4 6 6 4 
*number of months with monthly rainfall less than 100 mm (based on Oldeman dry month 
classification) (Wood 1985) 
Cocoa productivity is highly correlated with rainfall pattern; therefore, rainfall data is 
monitored closely in the plantation. The favourable situation is annual rainfall between 
1,500-2,000 mm with a maximum dry season of 3 months (Wood 1985). The history of the 
rainfall pattern (Table 3.2) shows that it changed between 2006 to 2009 and 2010 to 2013. 
The first 4 years indicate that the annual rainfall was sufficient for growing cocoa, although 
the number of dry months was slightly higher than cited in historical reports  (Wood 1985). 
From the period 2010 to 2013 annual rainfall was considerably above the favourable 
range.   
In addition to its direct effect on cocoa productivity, rainfall may also indirectly influence 
yield by creating favourable conditions for disease development. This situation is clearly 
demonstrated in the historical data in Table 3.3 and Figure 3.1. Annual yield per hectare 
showed a sharp drop from 1,179 kg in 2007 to 808 kg in 2013 (Table 3.3). A change in the 
rainfall pattern, and associated changes in pest and disease incidence are the probable 
reasons for this yield decline. VSD and associated dieback was probably the most 
significant cause of this yield decline.   
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Table 3.3. Historical (2007-2013) data on yield, pest and disease incidence at the 
Treblasala Estate, Indonesia 
Year % area affected by % pods 
infected by 
% infestation 
By 
Yield (kg/ha) 
 
    
  
Dieback VSD 
Phytophthora 
sp Hellopeltis 
2007  0.60 NA 0.46 4.05 1179 
2008  0.45 4.84 4.66 6.67 1082 
2009  3.64 5.99 3.07 6.88 1106 
2010  9.56 11.85 6.98 10.78 637 
2011 24.59 15.84 10.49 8.34 862 
2012  94.29 100 ** ** 902 
2013  98.90 100 ** ** 808 
NA: =  no record of VSD  in  commercial fields 
**  no data available because a new assessment system was introduced in 2012 to 
provide  more detailed assessment  
Source: Treblasala Estate management records 
 
 
 
 
 
48 
 
 
Figure 3.1 VSD incidence in commercial fields in 2012 and 2013 at the Treblasala Estate, 
Indonesia 
VSD disease was first observed in 2008 when only 5% of the plantation area was 
recorded as being infected (Table 3.3). The diseased area doubled to 11.58 % by 2011 
and was followed by a very serious outbreak in 2012 and 2013 when 100% of the area 
became affected by VSD. Disease occurrence is followed by dieback, a condition where 
there is progressive desiccation of the infected branches from the tips inwards (severe 
dieback is illustrated in Figure 3.2A). Trees with severe dieback lose more than 50% of 
their vegetative canopy, with associated reduced cocoa pod production. VSD might be one 
of the main reasons for the recent yield decline in the plantation, since the data in Table 
3.3 indicates that increasing areas were affected by VSD and this was followed by 
increasing dieback. 
The VSD outbreak which started in 2012 required that the plantation management make 
more detailed observations in commercial production areas. The diseased areas were 
categorized into four disease severity classes. The categories were: no infection (0% of 
sampled trees infected), low infection (less than 5% trees infected), medium infection (5-
50% trees infected), and high infection (>50% trees infected). VSD incidence during 2012 
and 2013 is illustrated in Figure 3.1.There is a clear record of higher levels of severe 
infection in 2013 when compared with 2012, indicating that the disease had spread quickly 
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in the plantation. The incidence of VSD in Figure 3.1 and rainfall data during 2012-2013 
(Table 3.2) suggest that the spread of VSD in the Treblasala Estate might be related to 
rainfall. In 2012 73 % of blocks had a medium level of VSD infection and only 13% were 
noted to have severe levels.  Total rainfall in 2012 was 2,092 mm with five dry months; this 
increased to 2,794 mm in 2013 with three dry months. In 2013 the number of blocks with a 
high level of VSD infection increased to 49%, with almost no blocks with a low incidence 
(51% of blocks were classified as having a medium level of infection). Past studies have 
showed that the disease spreads during the rainy season and that there is correlation 
between infection rate and amount of rainfall (Keane et al. 1972; Keane 1981). A more 
detailed study also revealed that the spread of the disease is highly correlated with the 
number of rainy days but not with the amount of rainfall (Dennis et al. 1992).  
 
 
 
A 
 
 
 
B 
Figure 3.2.  Cocoa trees infected by VSD at Treblasala Estate, Indonesia  
A) severe dieback infection; B) light dieback infection 
 
Soil nutrient availability at the estate has been monitored annually and the data has been 
used to determine fertiliser application recommendations. Table 3.4 provides the history of 
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soil data for the commercial blocks from 2006-2012. Soil sampling was done before the 
annual fertiliser application.  
Table 3.4 General soil properties data from 2006-2012, Treblasala Estate, Indonesia 
Year pH OM (%) 
P bray 
(ppm) 
Exch. Cations (m.eq/100g)  
K:Mg:Ca Al+H K Mg Ca 
2006 5.99 4.99 63.79 NA 1.41 3.08 9.49 1:2:7 
2007 5.86 4.17 62.73 0.32 1.30 3.73 9.43 1:3:7 
2008 5.76 4.69 60.25 0.13 1.31 3.12 9.65 1:2:7 
2010 5.47 4.40 72.46 0.09 1.42 4.16 8.26 1:3:6 
2011 5.64 4.62 69.02 0.10 0.65 3.55 7.20 1:5:11 
2012 5.50 4.16 64.58 0.09 0.74 1.33 NA - 
Average 5.70 4.51 65.47 0.12 1.14 3.16 7.52  
NA- no analysis done. 
Source:  Bah Lias Research Station analytical laboratory database 
The content of organic matter, available P, K, Mg, and Ca in Table 3.4 were higher than 
from other cocoa growing areas in countries such as Malaysia and Papua New Guinea, as 
reported in Wood (1985). A fertiliser trial in Treblasala Estate revealed that there was no 
response to added P and K fertiliser, yet management has continued to apply fertiliser for 
20 years (BLRS 2011b). Although P and K levels were above the critical values measured 
in other countries and the on-site fertiliser trial, triple superphosphate (TSP) and Muriate of 
Potash (MOP) fertilisers were applied annually in the plantation, as summarized in Table 
3.5. 
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Table 3.5.  Record of fertiliser application recommendations from 2006 to 2013, Treblasala 
Estate, Indonesia 
Year Recommended  fertiliser application rate (g/plant) 
  Urea TSP MOP Dolomite 
2006 302 200 75 2000 
2007 286 114 0 1167 
2008 255 105 0 1000 
2009 265 102 0 0 
2010 264 104 0 0 
2011 298 117 100 500 
2012 234 107 109 430 
2013 244 110 118 429 
Source:   Estate management. One application per year for TSP, 
MOP, and Dolomite while Urea is split in two applications. 
  
P fertiliser was recommended at the rate of 200 g/tree in 2006 but this was reduced to half 
this rate in the following years. This reduction in the application rate was not reflected by a 
decrease in the available P levels (Table 3.4). It was noted that the P fertiliser did not 
decrease or increase available P, indicating that the fertiliser application had no apparent 
effect on soil P status. As for K fertiliser, there was no application from 2007 to 2010 which 
resulted in reduction of soil K status to 0.65 meq/100 g in 2011 from 1.42  (Table 3.4). 
Therefore 100 g/tree of MOP was recommended in 2011, as a result of which the K status 
increased to 0.74 meq/100 g in 2012.  
The historical data indicates that the available P level in the plantation areas was above 
the critical level.  However, P fertiliser was still being applied annually to all blocks. Murphy 
et al. (1981) indicated that high P supply in the soil may enhance P uptake and other 
nutrients such as N and K. However, higher P concentration in plant tissue may result in a 
reduction in uptake of micronutrients. Tohiruddin et al. (2010) found long term phosphorus 
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application in an oil palm plantation increased the  leaf concentration of P and decreased 
copper levels, which resulted in a yield decline and higher incidence of Ganoderma 
disease. The fact that P fertiliser is applied annually when  soil fertility is above the critical 
level requires further study  to address the potential interaction between P and 
micronutrients in cocoa.  
Table 3.5 shows that annual application of urea was carried out as source of nitrogen in 
the Treblasala Estate, with the rate being gradually reduced from 300 g/tree in 2006 to 200 
g/tree in 2013. This fertiliser might have acidified the soil as indicated in Table 3.4 where 
soil pH showed a decline every year. Wei et al. (2006) have reported that continuous 
application of manure and N fertiliser resulted in a reduction of soil pH. Soil pH reduction in 
the N fertiliser treatments may be due to the nitrification of NH4
+ in the soil, and plant 
uptake of NH4
+.  
With increasing acidity, there is concern that major nutrients become unavailable and 
possibly create toxicities of Al, Mn and H (Fageria et al. 1997). Hence, dolomite fertiliser 
as a source of lime was applied annually to overcome the soil pH decline (Tables 3.4 and 
3.5). The reason for choosing dolomite was due to its availability on the market and low 
cost. Dolomite application commenced in 2006 at the rate 2,000 g/tree (2-2.5 tonnes per 
hectare, depending on total tree population). This high rate was reduced in 2007-2008 and 
then application was stopped during 2009-2010 because there was concern that the 
application of this fertiliser might have been the cause of dieback disease. Yet, the dieback 
areas kept increasing and it was noticed that VSD was the cause.  Dolomite application 
was therefore continued from 2011 but at a lower rate. However, the dolomite application 
seems to have been ineffective in raising soil pH, indicating that the recommended rate is 
not high enough to raise soil pH. In fact, soil pH in the target area has continued to 
decrease to a level below the recommended range, this reduction being clear when the 
application of dolomite stopped in 2009-2010. Wood (1985) suggested the optimum pH 
range  to be 6-7.5, this also being  supported by many studies in Ghana. Baligar and 
Fageria (2005) demonstrated that planting young cocoa in soils with low pH resulted in 
biomass reduction due to Al toxicity and nutrient deficiencies.   
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That a lower soil pH results in reduced nutrient available may be true in the Treblasala 
Estate plantation. Tables 3.6 and 3.7 show the soil properties and leaf nutrient data in the 
survey of 17 plots. There was variation in soil nutrient content among the sites (Table 3.6). 
Organic matter, potassium, magnesium, calcium, copper, zinc and phosphorus content 
were significantly affected by site, indicating that block variation might be affecting plant 
growth performance.  
Table 3.6 Variation in soil properties among sites and genotypes at the Treblasala Estate, 
Indonesia 
Site 
PH 
OM 
(%) 
P K Mg Ca Al+H Cu Zn Mn Fe 
  ppm meq/100 g ppm 
A 6.1 4.9 143 0.5 3.1 9.0 0.08 2.2 7.3 108 12.5 
B 6.3 5.9 129 0.9 3.4 9.3 0.08 2.6 6.3 92 11.7 
C 6.0 5.3 246 0.7 4.2 11.5 0.07 3.9 5.5 56 9.5 
                        
LSD 5% 0.7 0.8 103 0.3 0.8 1.9 0.03 0.7 0.9 62 3.2 
                        
Genotype   
 
    
 
 
  
    BL 2936 6.3 5.2 164 0.6 3.6 9.8 0.08 2.9 6.3 66 11.1 
BL 342-408 5.9 5.4 176 0.8 3.6 9.9 0.07 2.7 6.4 118 12.6 
PBC 123 6.2 5.7 168 0.7 3.4 10.0 0.07 2.8 6.7 86 10.3 
                        
LSD 5% 0.7 0.8 105 0.3 0.8 1.9 0.03 0.7 1.0 63 3.2 
Note: Statistical differences were obtained for the numbers shown in bold print in the same 
column 
There were no statistical differences in term of soil data for the selected genotype (Table 
3.6), which indicates that the three genotypes were supplied with similar levels of 
nutrients. This result is similar to the leaf nutrient concentration summarised in Table 3.7. 
There were no statistical differences in nutrient concentration among the genotypes. The 
effect of site on leaf nutrient level was similar to that for soil properties. Leaf phosphorus, 
potassium, and copper were significantly affected by site. Site C supplied the highest soil 
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P (residual P due to fertiliser application) and copper, which resulted in the highest leaf 
nutrient concentrations of these elements. Leaf potassium was highest for site B where 
soil supply was also highest. The reverse was also true, with sites with the lowest soil P, 
Cu, and K having correspondingly low leaf levels of these nutrients. This data indicates 
that as soil supply increases, an increase in the leaf nutrient level for the corresponding 
nutrient follows. It is noted that different sites had trees of different ages.  However, data 
from earlier  studies in London Sumatra indicated leaf nutrient concentration is  unaffected 
by tree age (BLRS 2010). Hence, the effect of site on leaf nutrient concentration in the 
present study mainly reflects differences in soil nutrient supply.  
Table 3.7  Site and genotype leaf nutrient content variability at Treblasala Estate, 
Indonesia 
  N P K Mg Ca Cu Zn Mn Fe 
Site % dry matter ppm dry matter 
A 2.00 0.15 1.54 0.18 0.94 1.41 16.09 236.3 34.89 
B 2.14 0.16 2.07 0.19 0.73 2.23 23.49 204.7 28.27 
C 2.17 0.19 1.91 0.20 0.82 2.71 16.42 148.6 28.98 
    
   
  
    LSD 5% 0.28 0.03 0.32 0.03 0.44 1.19 11.15 96.8 14.53 
    
   
  
    Genotype   
   
  
  
  
BL 2936 2.09 0.17 1.89 0.19 0.70 2.11 17.38 200.8 30.22 
BL 342.408 2.08 0.17 1.80 0.19 1.04 2.13 17.92 191.3 37.35 
PBC 123 2.14 0.17 1.80 0.19 0.80 2.00 21.66 205.4 25.12 
    
   
  
    LSD 5% 0.28 0.03 0.33 0.03 0.45 1.21 11.31 98.1 14.73 
Note: Statistical differences were obtained for the numbers shown in bold print in the same 
column  
A further comparison between the leaf nutrient data and leaf critical level reported by 
Wessel (1985), indicates that magnesium, calcium, iron, and zinc were at deficient levels. 
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These levels of these nutrients were also much lower when compared with the optimum 
leaf nutrient levels based on an earlier fertiliser trial at Treblasala Estate (BLRS 2011b).  
Soil data from the sampling sites showed a higher pH level, and higher organic matter and 
available P, when compared with the historical soil data. This higher soil nutrient status 
also resulted in a higher nutrient uptake, as indicated in the leaf nutrient data. Leaf 
phosphorus, potassium, and copper were higher in the site that supplied more soil 
nutrients. This suggests that a decline in soil pH in the commercial blocks may have 
reduced nutrient availability, hence, the substitution of urea with other N fertiliser sources, 
and increasing the level of dolomite applied, may be necessary in the plantation in order to 
maintain soil pH at the recommended level.  
Figures 3.3 and 3.4 illustrate the level of VSD infection of trees, based on the survey data.   
There were statistically significant differences (p <0.001) for VSD infection among the sites 
(Fig. 3.3), with site C having a significantly higher level of VSD infection, while sites A and 
B had similar levels. It is noted that site C was only planted with BL 2936 and BL 342-408 
genotypes, both of which are considered to be susceptible to VSD. The significant 
difference between sites is therefore likely to reflect the differences in genotypes.   In 
addition to this site effect, plant age is also likely to be involved, since  sites A, B and C 
had trees aged 8, 10 and 20 years, respectively.   
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Figure 3.3 Percentage of VSD infected trees among survey sites, Treblasala Estate, 
Indonesia 
The effect of genotype on disease incidence is shown in Figure 3.4. VSD infection among 
the 3 genotypes was 27 % for PBC 123 (tolerant), 56 % for BL 2936 (moderately 
susceptible), and 76 % for BL 342-408 (susceptible). The tolerant genotype had 
significantly (p<0.001) the lowest VSD infection level, but the infection levels between the 
moderately and highly susceptible genotypes were not statistically different. 
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Figure 3.4. Percentage VSD infected trees among genotypes, Treblasala Estate, 
Indonesia 
Individual soil properties and leaf nutrient data were analysed using logistic linear 
regression for their effects on VSD infection. The results are presented in Table 3.8. None 
of the individual soil properties had a statistically significant effect on the percentage of 
trees infected by VSD, although Mn and Fe had low p values. Leaf nutrient data indicated 
that calcium significantly affected VSD severity at p < 0.05% and manganese at p < 0.1 %. 
This indicates that the levels of these nutrients in the leaves may be correlated with VSD 
infection.  
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Table 3.8. Summary of p values for the effect of soil and leaf nutrient levels on VSD 
infection at Treblasala Estate, Indonesia 
Soil nutrient p value Leaf nutrient p value 
        
pH 0.97 N 0.19 
Organic matter 0.33 P 0.27 
Al+H 0.38 K 0.98 
P available 0.60 Mg 1.00 
K 0.72 Ca 0.02* 
Mg 0.54 Cu 0.41 
Cu 0.47 Zn 0.58 
Ca 0.72 Mn   0.08** 
Zn 0.96 Fe 0.49 
Mn 0.18   
 
Fe 0.20     
Note: *significant at LSD 5%, **significant at LSD 10% 
This study showed that the calcium and manganese status of the diseased leaves were 
significantly correlated with the percentage of trees infected by VSD. Disease resistance to 
Pythium, Sclerotinia, Botrytis and Fusarium have been shown to be related  to plant’s 
calcium status (Dordas 2008). Calcium relates to plant disease resistance or tolerance 
because of its effect on plant growth, anatomy, morphology, and biochemical activities in 
the plant tissue (Dordas 2008; Huber et al. 2012). Manganese is one of the micronutrients 
that confers resistance to foliar and root fungal pathogens (Graham & Webb 1991). The 
role of manganese in disease resistance relates to its function in biochemical processes.  
Together with copper and boron, manganese influences lignification and phenol 
metabolism (Huber et al. 2012). Hence, a plant’s nutrient status at the time of infection 
may influence the expression of disease severity. 
Nutritional status may increase or decrease disease severity, depending on the particular 
nutrient, species, pathogen and interaction with environmental factors (Marschner 1995). It 
is clear that VSD infection is greatly affected by calcium and manganese status. However, 
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this study could not explain how the status of these nutrients influenced VSD severity 
because of limitations of the data. Hence, further studies focused on testing the effects of 
these nutrients in trees inoculated with the disease are needed.   
Another indication that nutrient status may be related to VSD infection was indicated by 
healthy leaves always having higher concentrations of N, P, K, Cu, and Zn when 
compared with diseased leaves (Table 3.9). According to Huber and Graham (1999), 
many fungal diseases affect vascular tissue and cause impairment of nutrient translocation 
or utilization in infected areas. As a result, diseased tissue may have lower or higher 
nutrient concentrations. Belan et al. (2015) studied nutrient distribution in diseased coffee 
leaf using X-ray microanalysis. They found that infected areas in the diseased leaf had 
lower potassium concentration when compared with uninfected areas, because the 
nutrient migrated from infected to healthy tissue. Nitrogen, phosphorus, and potassium are 
mobile in the plant tissue, while copper and zinc are immobile (Barker & Pilbeam 2007), 
suggesting that N, P, and K may be transferred to healthy tissue after VSD infection. The 
low copper and zinc concentrations in the diseased leaf may indicate that these nutrients 
are at low levels at the time the pathogen penetrates to the leaf. 
Table 3.9 Nutrient concentrations in diseased and healthy leaves at Treblasala Estate, 
Indonesia 
Leaf type N P K Mg Ca Cu Zn Mn Fe 
  % dry matter Ppm 
Diseased 1.53 0.10 1.30 0.19 1.01 1.48 12.32 201 30.41 
Healthy 2.10 0.17 1.84 0.19 0.83 2.08 18.80 199 30.82 
 
  
   
  
    P value < 0.001 < 0.001 < 0.001 0.88 0.07 0.02 < 0.001 0.90 0.77 
Significant difference were obtained if p value <0.05 
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3.4 Conclusions 
The results of the research presented are viewed as being the start of a more 
comprehensive project to better understand the relationship between nutritional status and 
VSD. Results of this study, although preliminary, suggest some interesting trends that 
should be tested under experimental conditions.  
Some of the questions raised by the results of this study include the following:  
1. How does phosphorus application in high P soils influence cocoa growth and 
micronutrient uptake? 
2. Does a depression in micronutrient content of cocoa leaf lead to higher 
susceptibility to VSD infection? 
3. Does the nutrient status of susceptible and tolerant cocoa genotypes differ and if it 
does, what are the implications in relation to VSD severity? 
Chapters 4 and 5 are aimed at addressing the questions above, with an emphasis on the 
effects of phosphorus and copper, or phosphorus and zinc interactions. Magnesium, 
calcium, and manganese were not studied due to time and resources constraints.  
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CHAPTER 4 PHOSPHORUS AND MICRONUTRIENT INTERACTION IN YOUNG 
COCOA SEEDLINGS 
4.1 Evaluation of high phosphorus fertiliser on growth and nutrient uptake in 
young cocoa seedlings 
4.1.1 Introduction 
Nutrients are essential to ensure adequate growth in higher plants. Phosphorus is one of 
the nutrients which is required in relatively high amounts, since it is a major constituent of 
the plant’s structure and protoplasm (Fageria et al. 2006). The nutrient is part of the 
organic molecules of the cell (DNA, RNA, ATP, and phospholipid) and is required in plant 
metabolism (Dordas 2008).  
In cocoa, canopy development and early pod formation are greatly affected by phosphorus 
in most Malaysian soils which are Ultisols and Oxisols; therefore high application rates of 
P fertiliser are considered to be important (Yusoff et al. 2007). Most of the cocoa in 
Indonesia is planted in acid soils which have low nutrient availability, including 
phosphorus. As a result, in commercial cocoa plantations, phosphorus is the second most 
commonly applied nutrient after nitrogen. Thus, soil P tends to be relatively high. High 
levels of residual P in the plantation soils have not stopped the practice of continued high 
application of P fertiliser, although there may be potential negative effects on nutrient 
balance.  
Depression of micronutrient uptake due to high phosphorus supply has been widely 
reported in many agricultural crops but not in cocoa. Srinivasarao et al. (2007) found that 
zinc and copper concentrations in chickpea shoots declined significantly in response to 
high P uptake. Marschner (1995) reported that high soil P levels reduced iron, copper and 
zinc in plant tissue. There are variable results in the case of manganese, whereas high P 
decreased concentration in potatoes, but increased it in white clover and rice plants 
(Moraghan & Mascagni 1991).  
The low concentration of micronutrient in plant tissue as affected by high P may be the 
result of dilution from the greater growth (Moraghan & Mascagni 1991). Mousavi (2011) 
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explained that the growth response to applied P is not followed by increased micronutrient 
uptake, which results in reduction of shoot micronutrient concentration. Other investigators 
found that high uptake of P inhibit copper and zinc translocation to the stem (Cakmak & 
Marschner 1986; Zhu et al. 2001; Zhu et al. 2002). In addition to effect on translocation, 
root uptake of zinc was found to be depressed in soils with high P (Zhu et al. 2001; Akhtar 
et al. 2010). 
Zeolite is a porous tectosilicate mineral that has Cation Exchange Capacity (CEC) up to 
400 cmol/kg. The mineral is used as soil amendment in heavily contaminated soils, to 
reduce trace element availability by forming a shell of the metal ions and binding metal 
cations in the soil solution (Antoniades et al. 2012).  Peter et al. (2012) reported plants 
grown on contaminated soil amended with zeolite accumulated less micronutrients than 
non-zeolite soils. Similar results were reported by Nissen et al. (2000), Menzies et al. 
(2009), and Lin and Lou (2009) 
The objective of this study was to investigate the effects of phosphorus application in high 
P soil on the growth and nutrient uptake of cocoa seedlings, and to investigate if zeolite 
amendment was beneficial in reducing micronutrient availability when soil supply is high. 
4.1.2 Materials and methods 
A pot trial was carried out in the glasshouse of The University of Queensland, Gatton 
Campus, Australia. Composite soils from 0-15 cm depth of a ferrosol from the DAFF 
Kingaroy Research Station, was used for this study. The chemical properties of the soil 
are shown in Table 4.1. Soil with lower micronutrient levels would have been desirable but 
were not available for this soil type. Hence zeolite was used to try to reduce the 
micronutrient levels. Dry soil of weight 1.8 kg was put into 2.7 litre plastic pots. 
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Table 4.1 Soil chemical properties before treatment (UQ Gatton, Australia) 
 Properties  Unit  Measurement  
pH (H2O) pH units 6.1 
Organic matter % 3.3 
P Colwell ppm 129 
Potassium ppm 416 
Nitrate nitrogen ppm 17 
Cu ppm 4.9 
Fe ppm 12 
Mn ppm 230 
Zn ppm 6.8 
Exchangeable K meq/100g 1.1 
Exchangeable Mg meq/100g 2.2 
Exchangeable Ca meq/100g 8.0 
The experiment was laid out as a factorial in a Randomized Complete Block Design. 
Treatment details are presented in Table 4.2.  
Table 4.2 Phosphorus and zeolite treatment levels (UQ Gatton, Australia) 
Level Phosphorus (ppm) Zeolite 
0 0 0 
1 50  5% 
2 500  10% 
 
There were 4 replications, each replicate consisted of 2 plants (one per pot) as recorded 
units. The zeolite treatment was carried out by combining zeolite and soil in a cement 
mixer. The soil and phosphorus fertiliser were thoroughly mixed during pot filling. Dolomite 
was added to all of the pots to raise the pH from 5.8 to 6. In an attempt to maintain an 
adequate supply of other nutrients, a basal nutrient solution containing 75 and 100 ppm of 
nitrogen and potassium was supplied to all pots at 1 month after the cocoa seeds were 
planted.  
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Cocoa beans randomly selected from a plantation in South Johnstone, Northern 
Queensland, were used as the planting material. Two cocoa beans were sown in each pot 
on 28th May 2013 and, 2 weeks after germination, the plants were thinned to 1 plant/pot. 
The cotyledons of the selected plants were detached 3 weeks after germination to 
minimize their dependence on stored nutrient reserves in the plant. The seedlings were 
watered to field capacity twice a week. However, when the plants started growing 
vigorously and the day length became progressively longer, watering was done daily. 
During the first month, the temperature in the glasshouse varied between 16 to 32° C. 
Since the plants experienced a slow growth rate during early growth, the temperature was 
maintained in the range 20-32° C using heating fans and evaporative coolers. 
Growth parameters, such as number of leaves, height of plants (measured form the soil 
surface to  the growing tip), and stem diameter (measured at 1.5 cm from the soil surface) 
were recorded at two week intervals starting at 8 weeks after planting (WAP). Leaf width 
(measured at the widest part of lamina) and length (measured from the tip to base of the 
lamina) were measured at 8 and 20 WAP. At 20 WAP, the plants were harvested and 
separated into tops and roots and washed using demineralised water; the plant 
components were  then oven dried at 65º C for 72 hours. Leaf area was measured using a 
leaf planimeter at 20 WAP. This data was used to estimate the leaf area at 8 WAP using 
regression analysis (Asomaning & Lockard 1963). Dry weight was measured on a pot 
basis. 
The dried plant samples were ground and nutrient analysed in the UQ Gatton analytical 
laboratory. Nitrogen was determined in a Vario Macro analyser and other elements (P, K, 
Mg, Ca, Cu, Fe, Mn, and Zn) were measured in an Atomic Absorption Spectrophotometer. 
The results of the analysis are expressed as % of dry weight for N, P, K, Mg, Ca, and ppm 
dry weight for Cu, Fe, Mn, and Zn. 
Vegetative growth and tissue analysis results were subjected to a factorial analysis of 
variance and means were tested by LSD at P< 0.05 probability level. Data analysis was 
done using Genstat statistical software (VSN International).  
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4.1.3 Results 
The soil used in this study was rich in nutrients, as presented in Table 4.1. The natural 
supply of phosphorus and micronutrients in this soil was considered as high.  
Effect of phosphorus and zeolite on the growth of seedlings 
The main effect of phosphorus and zeolite on plant height of cocoa are shown in Table 
4.3. Plant height was not statistically affected by main effects of treatments. Similarly, 
there was no significant difference in stem diameter response to phosphorus and zeolite 
application except at 14 Weeks After Planting  (WAP), when a significant reduction of stem 
diameter was observed in the 50 ppm P treatment, but not at the highest level (500 ppm 
P) (Table 4.4). In general, a slight but not statistically significant depression of plant height 
and stem diameter was recorded for higher phosphorus and zeolite levels. 
Table 4.3 Main effect of phosphorus and zeolite on plant height (cm) of cocoa (UQ Gatton, 
Australia) 
Treatment 
Plant height (cm) at .. WAP 
8 10 12 14 16 18 20 
Phosphorus 0 8.9a 9.9a 10.5a 12.1a 16.9a 22.7a 30.2a 
 
50 ppm 7.8a 8.5a 8.8a 9.8a 13.4a 18.1a 23.8a 
 
500 ppm 7.9a 8.5a 9.0a 9.4a 11.5a 15.2a 19.8a 
Zeolite 0 8.8a 9.5a 10.0a 10.9a 14.8a 19.3a 25.4a 
 
5% 7.2a 8.3a 8.9a 9.8a 13.5a 18.3a 24.4a 
  10% 8.6a 9.2a 9.5a 10.6a 13.4a 18.3a 24.0a 
LSD   1.7 1.8 2.0 2.8 5.4 7.6 10.3 
Means followed by the same letters in the column are not significantly different at P>0.05 
by LSD 
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Table 4.4 Main effect of phosphorus and zeolite on stem diameter (mm) of cocoa (UQ 
Gatton, Australia) 
Treatment 
Stem diameter (mm) at .. WAP 
12 14 16 18 20 
Phosphorus 0 3.9a 4.2b 4.7a 5.3a 6.2a 
 
50 ppm 3.4a 3.5a 4.1a 4.7a 5.3a 
 
500 ppm 3.7a 3.9ab 4.2a 4.6a 5.4a 
Zeolite 0 3.7a 4.0a 4.4a 5.0a 5.9a 
 
5% 3.7a 3.9a 4.5a 4.9a 5.6a 
  10% 3.5a 3.7a 4.1a 4.7a 5.6a 
LSD   0.5 0.5 0.6 0.8 1.0 
Means followed by the same letters in the column are not significantly different at P>0.05 
by LSD 
Table 4.5 shows that leaf production was greatly affected by phosphorus treatment. P 
application at 500 ppm significantly decreased leaf production at 8, 12, 16, 18, and 20 
WAP. A similar reduction in number of leaves was seen in 50 ppm P treatment, although it 
was not statistically different from non-P and highest P levels. Although there was no 
significant difference of the effect of zeolite on leaf production, 5% zeolite slightly 
increased number of leaves (at least up to 16 WAP) but there was a reduction at 10 % 
zeolite level for all WAP.  
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Table 4.5 Main effect of phosphorus and zeolite on number of leaves of cocoa (UQ 
Gatton, Australia) 
Treatment 
Number of leaves at .. WAP 
8 10 12 14 16 18 20 
Phosphorus 0 4.6b 5.3a 6.6b 7.8a 10.3b 12.1b 15.0b 
 
50 ppm 3.5ab 4.4a 5.4ab 6.5a 8.6ab 10.6ab 12.7ab 
 
500 ppm 3.7a 4.4a 4.9a 6.4a 7.5a 9.4a 10.7a 
Zeolite 0 4.1a 4.8a 5.6a 6.9a 9.1a 11.2a 13.6a 
 
5% 4.1a 5.0a 6.1a 7.5a 9.3a 10.8a 12.9a 
  10% 3.5a 4.4a 5.2a 6.3a 7.9a 10.2a 12.0a 
LSD   0.9 1.1 1.3 1.5 2.0 2.4 3.0 
Means followed by the same letters in the column are not significantly different at P>0.05 
by LSD 
Effect of phosphorus and zeolite on leaf area and dry matter production 
The main effect of phosphorus and zeolite on leaf area and dry matter weight is shown in 
Table 4.6. Leaf area and dry matter weight at 20 WAP both parameters were slightly 
reduced by the higher phosphorus and zeolite levels, although the response was not 
statistically significant.  This result reflected the same trend as for leaf number.  
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Table 4.6 Main effect of phosphorus and zeolite on leaf area at 8 and 20 WAP (weeks 
after planting) and dry weight at 20 WAP (UQ Gatton, Australia) 
Treatment 
Leaf area(cm2) Dry weight (gr) 
8 20 Shoot Root 
Phosphorus 0 167a 1203a 7.1a 0.9a 
 
50 ppm 129a 923a 5.5a 0.5a 
 
500 ppm 153a 724a 4.7a 0.5a 
Zeolite 0 154a 1057a 6.1a 0.7a 
 
5% 152a 936a 5.7a 0.6a 
  10% 144a 857a 5.5a 0.7a 
LSD 
 
55 503 3.3 0.4 
Means followed by the same letters in the column are not significantly different at P>0.05 
by LSD 
 
Table 4.7 Main effect of phosphorus and zeolite treatment on shoot nutrient levels at 
harvest (20 WAP) (UQ Gatton, Australia) 
Treatment 
 
N P K  Mg Ca Cu Zn Fe Mn 
  
Shoot dry matter (%) Shoot dry matter (ppm) 
Phosphorus 0 2.33a 0.18a 1.97b 0.46a 1.28a 9.8a 51.1a 107a 974a 
 
50 ppm 2.39a 0.24b 1.96b 0.48a 1.28a 10.5a 55.5ab 141a 838a 
 
500 ppm 2.43a 0.44c 1.70a 0.58b 1.64b 14.3b 65.2b 122a 1355b 
Zeolite 0 2.48a 0.30a 1.91a 0.51a 1.46a 11.3a 58.8a 134a 1156b 
 
5% 2.29a 0.30a 1.96a 0.49a 1.37a 12.5a 59.7a 106a 1210b 
 
10% 2.37a 0.26a 1.75a 0.53a 1.38a 10.8a 53.3a 130a 801a 
LSD 5% 
 
0.2 0.05 0.17 0.06 0.14 2.7 10.9 74.7 247 
Means followed by the same letters in the column are not significantly different at P>0.05 
by LSD 
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Table 4.8 Main effect of phosphorus and zeolite treatment on root nutrient levels at harvest 
(20 WAP) (UQ Gatton, Australia) 
Treatment 
  P K Mg Ca Cu Zn  Fe Mn 
  Root dry matter (%) Root dry matter (ppm) 
Phosphorus 0 0.16a 1.73a 0.53a 0.46a 19.8a 49.2a 5090a 248a 
 
50 ppm 0.22b 1.87a 0.52a 0.55a 24.2ab 55.6a 6085ab 245a 
 
500 ppm 0.50c 1.95a 0.57a 0.89a 27.1b 58.3a 8490b 282a 
Zeolite 0 0.28a 1.95a 0.52a 0.51a 22.0a 53.7a 5925a 258a 
 
5% 0.32a 1.79a 0.53a 0.81a 25.6a 60.3a 8207b 300a 
  10% 0.28a 1.80a 0.57a 0.58a 23.5a 49.1a 5534a 216a 
LSD 5% 
 
0.05 0.27 0.08 0.14 5.3 11.1 2099 54 
Means followed by the same letters in the column are not significantly different at P>0.05 
by LSD 
In reference to the shoot and root nutrient levels in Tables 4.7 and 4.8, the application of P 
fertiliser not only affected the P level, but also other nutrients. Shoot and root P 
concentration were significantly increased in response to the P fertiliser at both 50 and 500 
ppm. The highest P rate increased shoot concentrations of magnesium (Mg), calcium 
(Ca), copper (Cu), zinc (Zn), and manganese (Mn). In contrast, increased levels of P 
fertiliser reduced the concentration of potassium in the plant’s shoot. Manganese 
concentration was decreased significantly by 10% zeolite amendment. Phosphorus 
supplementation at 500 ppm significantly increased root concentrations of copper and iron. 
It is noted that root iron was extremely high when compared with the shoot. Other root 
nutrients generally followed the increasing P pattern but without any statistical differences. 
The effect of zeolite on root nutrients was only slightly different from the shoot; 5% of 
zeolite treatment increased root uptake of iron, but on the contrary, addition of more 
zeolite greatly reduced its uptake. Although not statistically different, similar response 
patterns were recorded for nitrogen, calcium, copper, zinc, and manganese responses in 
the root.  
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A significant interaction of phosphorus and zeolite was observed for shoot and root P, root 
calcium and iron (Table 4.9). Phosphorus fertiliser alone increased shoot and root P 
concentrations, but the combination with zeolite reduced its uptake. On the contrary, root 
calcium and iron showed positive interaction in response to phosphorus and zeolite. The 
addition of phosphorus or zeolite alone did not affect root Ca and Fe uptake, but the 
combination of 500 ppm P and 5% zeolite considerably increased it. 
Table 4.9 Interaction effect of phosphorus and zeolite on shoot and root nutrient levels at 
harvest (20 WAP) (UQ Gatton, Australia) 
Treatment 
 
Shoot P Root P Root Ca Root Fe 
 
% dry matter ppm dry matter 
P0Z0 
 
0.21a 0.17a 0.41a 4157a 
P50Z0 
 
0.25a 0.21a 0.47a 7078a 
P500Z0 
 
0.45bc 0.46b 0.65a 6539a 
P0Z5% 
 
0.16a 0.16a 0.42a 5587a 
P50Z5% 
 
0.23a 0.21a 0.61a 6061a 
P500Z5% 
 
0.52c 0.59c 1.39b 12972b 
P0Z10% 
 
0.18a 0.16a 0.54a 5527a 
P50Z10% 
 
0.25a 0.23a 0.54a 5116a 
P500Z10% 
 
0.36b 0.44b 0.64a 5960a 
Means followed by the same letters in the column are not significantly different at P>0.05 
by LSD 
4.1.4 Discussion  
The study aimed to evaluate the impact of high rates of phosphorus fertiliser application in 
soils with high P residual nutrient. Therefore, the soil chosen for the current study was high 
in extractable P (129 ppm). It was hypothesised that high rates of P application would 
depress growth. However, a significant reduction in growth parameters was only observed 
in leaf production. Other growth parameters, such as plant height, stem diameter, leaf 
area, and dry matter weight, showed no significant differences among the treatments, 
although the higher P level tended to reduce these parameters. The lack of response for 
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most of the growth parameters might be because the P rates were not high enough to 
affect yield. However, the trend that increasing P level decreased plant vegetative growth 
is an indication that high P availability may be detrimental to young cocoa plant growth. 
This finding is in agreement with Timmer and Teng (1990) who found growth depression of 
poplar cuttings when they were treated with high levels of phosphorus. The cuttings 
exhibited stunted growth and leaf chlorosis, followed by necrosis after 2 weeks. However, 
it was noticed that visual symptoms of nutrient disorders were not seen in the medium and 
high P treatments. 
Murphy et al. (1981) reported that when the soil supplies high P, plants may take up more 
P, as well as nitrogen, potassium, magnesium, but less micronutrients. This study showed 
that phosphorus application increased P concentration in the plant tissue and influenced 
other nutrients. Magnesium, calcium, copper, zinc and manganese shoot concentration 
increased in response to P fertiliser. In addition, high P increased root copper and iron 
concentrations. Although plant tissue nutrient levels were high, there was no increase in 
vegetative growth. On the other hand, leaf production was depressed and other growth 
parameter indicated a similar response pattern. This result indicates that a nutrient 
imbalance may be present at the high P levels, which may cause growth depression.  
In the present study, root and shoot P concentrations were increased by fertiliser 
application, which indicates that plants tend to take up more nutrients in a high nutrient 
environment. This may have been exacerbated by the trend to decreased dry matter 
production. This finding is similar to that of Nichols et al. (2012) who found that higher P 
levels in the nutrient solution resulted in higher P root and shoot maize concentrations. In 
their study, increasing P status produced higher plant biomass up to the medium P level 
(112 micro Molar), but then there was a slight reduction in the higher P level and this 
reduction became profound at the highest P level (2048 micro Molar). This supports the 
argument in the present study that a high P status can have a detrimental effect on the 
growth of   young cocoa plants.   
In other crops, the detrimental effect of high P occurs mainly because the high phosphorus 
supply decreases uptake of micronutrients, particularly copper or zinc (Mousavi et al. 
2013; Nyoki & Ndakidemi 2014). The reduction in the uptake of micronutrients may be due 
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to growth dilution, less root uptake, less nutrient translocation to the plant shoot, or a 
physiological reaction in the tissue (Moraghan & Mascagni 1991; Barben et al. 2011; 
Mousavi 2011; Mousavi et al. 2012; Hafeez et al. 2013). In contrast to most reports, the 
present study showed increasing copper, zinc, and manganese concentration in response 
to P application. The reason for this effect is unknown; however it may be related to a 
slight reduction in vegetative growth. In most of literatures that reported reversible effects 
of phosphorus and micronutrient, experiments started with a low P status, either in 
deficient soil or nutrient solution, while this study was conducted using a high P soil.   
Root iron concentration in the present study was extremely high when compared with 
shoot concentration or other micronutrients. The level in this study was even higher when 
compared with toxic levels for most crops (toxic if Fe >1000 ppm). However, the plant 
shoot iron concentration was in the normal range (Fageria et al. 2002). Iron toxicity in the 
plant’s root may have occurred in the present study but the reason is unknown. The most 
common explanation for iron toxicity is water logging, which is very common in rice 
production on tropical acid soils (Fageria et al. 2002) but did not occur in this study. 
The study demonstrated that zeolite amendment did not greatly influence the plant growth 
parameters, but it did have an effect on plant nutrient uptake. The zeolite amendment 
reduced shoot manganese concentration but this did not occur for the root, indicating that 
this reduction may have been due to a translocation effect. On the other hand, a higher 
uptake of iron was observed in the zeolite treatment. A positive interaction of zeolite with 
high phosphorus resulted in extremely high concentrations of calcium and iron in the 
plants’s roots. This very high concentration may aggravate the nutrient imbalance in a high 
P level growing environment. 
Zeolite has been reported to decrease micronutrient uptake.  However, in this study no 
significant decrease in copper and zinc concentration in young cocoa plants was 
observed. Use of zeolite as an amendment is usually practised in soils with very high 
micronutrient availability where the levels of these nutrients tend to be toxic to plant growth 
but this was not the case here (Valente et al. 1982; Burriesci et al. 1984; Nissen et al. 
2000; Gheshlagi et al. 2008; Lin & Lou 2009; Menzies et al. 2009; Antoniades et al. 2012; 
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Peter et al. 2012). The soil used in this experiment was high in copper and zinc, but the 
levels may not be categorized as being toxic for cocoa plant growth.  
4.1.5 Conclusions  
The results of this study confirmed that the application of P fertiliser is not necessary for 
soils with a naturally high P supply.  The extractable P level of the soil in this study as 
estimated by the Colwell method was 129 ppm. High P availability resulted in a reduction 
of growth of young cocoa plants. However, this needs to be further investigated, 
particularly   the potential interaction of P and micronutrient uptake. On the other hand, the 
study did not demonstrate any beneficial effects of zeolite application in reducing 
micronutrient availability. 
 
4.2 Phosphorus and micronutrient interactions in young cocoa seedlings in 
Indonesia 
4.2.1 Introduction 
In Indonesia, cocoa is the third most important plantation crop after oil palm and rubber. 
Most of the cocoa plantation area is owned by smallholder farmers, and less than 10 % is 
under government and private plantation companies (Statistics Indonesia 2014). London 
Sumatra is a multinational company that owns 2000 hectares of cocoa plantation in 
Banyuwangi regency, Jawa Timur province. Land suitability data revealed that the area is 
highly appropriate for commercial cocoa production.  
Annual rainfall in the plantation area varies between 1,600-2,800 mm, with a dry period of 
dry season between 3-6 months (Treblasala Estate-see Table 3.2).  Soil is typical of acid 
tropical soils, low in both soil pH and nutrient status (Treblasala Estate-see Table 3.4).  
Therefore, fertiliser and lime have been applied annually to ensure an adequate nutrient 
supply and pH adjustment. The type and amount of fertiliser applied is based on the 
results of on-site trials in the area.  These trials have shown that only nitrogen fertiliser 
gave a significant yield response and there was no response for phosphorus and 
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potassium fertiliser (BLRS 2011b). However, P and K fertiliser are applied annually since 
there is concern in maintaining adequate soil P and K levels. 
Continuous and high application of phosphorus fertiliser has been reported to influence the 
availability of micronutrient by decreasing uptake in maize, okra, cotton, lettuce, wheat, 
barley, chickpea, and hybrid poplar cuttings (Haldar & Mandal 1981; Loneragan et al. 
1982; Cakmak & Marschner 1986; Timmer & Teng 1990; DeIorio et al. 1996; Awan & 
Abbasi 2000; Zhu et al. 2001; Zhu et al. 2002; Li et al. 2003; Srinivasarao et al. 2007; 
Zhang et al. 2012). Their studies demonstrated that increasing P status may reduce the 
uptake of copper, zinc, iron, and manganese due to P-micronutrient interactions. There 
was more discussion on the P-Zn interaction, rather than other micronutrients.  
Although the effect of P fertiliser on micronutrient uptake has been widely reported in 
many crops, there appears to be no research reported in the literature specifically focused 
on cocoa.  It was therefore regarded as being necessary to evaluate the response of 
young cocoa to P and micronutrient fertilisers. The objectives of this study were to 
investigate the effects of various levels of P fertiliser and micronutrients on cocoa seedling 
growth and to understand the P-micronutrient interactions.  
4.2.2 Materials and methods 
A nursery experiment was carried out in the cocoa plantation of Treblasala Estate, London 
Sumatra Indonesia in Banyuwangi, Jawa Timur, Indonesia. The experiment started at the 
beginning of the rainy season in 2013 when temperatures were in the range 21-32°C. 
Composite soil from 0-20 cm depth taken from the non-commercial area of the plantation 
was used for this study. The soil was weighed and put into 5 kg polybags. 
The experiment was laid out in factorial treatment arranged in a Randomized Complete 
Block Design. The treatment details are presented in Table 4.10.  
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Table 4.10 Phosphorus, copper, and zinc treatments level (Treblasala Estate, Indonesia) 
Level P (ppm) Cu (ppm) Zn (ppm) 
0 0 0 0 
1 100  50 50 
2 200   
3 1000   
There were 4 replications, with each replicate consisted of 2 trees as the recorded unit. 
Triple superphosphate fertiliser was used for the phosphorus treatments. The P was 
added during the pot filling stage by mixing the fertilizer with the soil. Copper and zinc 
sulphate fertiliser were added as treatments at 4 weeks after planting. The fertiliser was 
weighed for individual pot treatment and applied to the soil surface. In an attempt to 
maintain an adequate supply of other nutrients, 75 and 100 ppm of nitrogen and 
potassium, respectively, were supplied to all pots at 1 month after the beans were planted. 
The fertiliser was applied in the soil in form of Urea and MOP (Muriate of Potash). 
Seeds of open-pollinated cocoa (cultivar GC 29) from the commercial plantation were 
used as planting material. Two cocoa beans were sown in each pot, and 2 weeks after 
germination, the plants were thinned to one per pot. The cotyledons were detached 3 
weeks after germination to minimize their dependence on stored nutrient reserves in the 
plant. The seedlings were watered to field capacity three times a week. However, when 
the plants started growing more vigorously watering was done daily.  
Growth parameters such as number of leaves, plant height and stem diameter, were 
recorded at two weekly intervals starting from 5 weeks after planting (WAP). Leaf area 
was measured using weight and area ratio at 21 WAP (Salisbury & Ross 1992). At 21 
WAP, the plants were harvested and separated into top and roots, and then oven dried at 
60ºC for 24 hours. Dry weight was measured on a pot basis. 
The dried plant samples were ground, ashed, and used for nutrient analysis. Samples 
were wet digested with H2SO4 according to the N-Kjeldahl procedure for nitrogen 
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determination. For elemental analysis, dried samples were ashed and prepared with HCl 
and HNO3. Phosphorus was determined in a spectrophotometer and potassium in a flame 
photometer. Atomic Absorption Spectrometer (AAS) was used to determine levels of Ca, 
Mg, Cu, Fe, Mn, and Zn (Lubis 2008). 
Soil samples were analysed before (Table 4.11). At harvest, samples were collected from 
each pot for nutrient analysis. The pH was measured in 1:5 of soil and water. Organic 
matter was determined by adapting the Walkey and Black oxidation method (RRIM 1980). 
Nitrogen analysis followed the N-Kjeldahl procedure. P Bray II method was used to 
measure the phosphorus content in a spectrophotometer. Exchangeable cations were 
observed in ammonium acetate (1 M pH 7) and then measured in AAS for Mg and Ca, and 
a flame photometer for K. Micro nutrients were extracted in DTPA and then determined in 
AAS (Lubis 2008). 
Table 4.11 Soil chemical properties before treatment (Treblasala Estate, Indonesia) 
 Properties Unit  Measurements   
pH (H2O) pH units 6.32 
Organic matter % 6.2 
P Bray II ppm 28.16 
Cu ppm 4.20 
Fe ppm 7.80 
Mn ppm 78.9 
Zn ppm 5.80 
Exchangeable K meq/100g 0.55 
Exchangeable Mg meq/100g 5.51 
Exchangeable Ca meq/100g 11.7 
 
Data on vegetative growth and tissue analysis were subjected to a factorial analysis of 
variance, with means tested by LSD at P < 0.05 probability level. Data analysis was done 
using Genstat statistics software version 16th (VSN International 2014).  
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4.2.3 Results  
The soil used in this study was taken from a protected forest area nearby the plantation; 
soil had similar chemical properties to those in the commercial cocoa areas. Nutrient 
levels of the soil before treatment are presented in Table 4.11. The soil pH was 6.32, 
typical of a tropical acid soil and suitable for commercial cocoa production in Indonesia. 
Nutrient content of the soil was high, as indicated by 6.2% organic matter, 28.16 ppm 
extractable P, and exchangeable K of 0.55 meq per 100 g of dry soil. 
Table 4.12 Main effects of phosphorus, copper and zinc treatments on plant height (cm) 
(Treblasala Estate, Indonesia) 
Treatment 
Age of seedlings (weeks after planting - WAP) 
5 7 9 11 13 15 17 19 21 
P 0 17.9a 20.0a 22.8a 27.5a 33.2a 39.6a 46.4a 53.7a 56.6a 
 
100 17.3a 19.2a 21.7a 25.7ab 29.5b 37.8ab 41.6b 48.9b 53.4a 
 
200 21.7a 18.9a 21.3b 25.4b 30.8ab 37.8ab 43.0ab 50.6a 53.2a 
  1000 15.9a 17.7b 20.0b 23.3c 28.4b 35.7b 42.0b 50.6ab 55.5a 
Cu 0 17.3a 19.2a 21.7a 25.7a 31.0a 37.5a 42.6a 50.4a 53.4b 
  50 19.1a 18.8a 21.2a 25.1a 29.9a 37.8a 43.9a 51.6a 56.0a 
Zn 0 17.0a 19a 21.3a 25.6a 30.6a 37.8a 43.4a 50.6a 55.0a 
  50 19.4a 19a 21.6a 25.4a 30.3a 37.5a 43.1a 51.3a 54.4a 
LSD P   6.7 1.1 1.6 1.9 2.7 3.0 3.9 3.4 3.6 
LSD Cu/Zn 4.8 0.8 1.2 1.4 1.9 2.1 2.8 2.4 2.5 
Means followed by the same letters in the column are not significantly different at P>0.05 
by LSD 
The effects of treatments on plant growth were clear for plant height and stem diameter, 
but not on number of leaves per plant   (Tables 4.12-4.14). There was gradual depression 
of plant height from 7 to 19 WAP, in response to the application of phosphorus fertiliser 
(Table 4.12). There was also a significant reduction in plant height between the zero and 
highest level P treatments. On the other hand, there were no significant main effects of 
copper and zinc fertiliser except at 21 WAP, when copper application significantly 
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increased plant height.  Conversely, leaf production was little affected by the applied 
treatments (Table 4.13). The main effect of phosphorus and zinc treatments had no 
statistically significant effect on leaf number, but the copper treatment significantly reduced 
leaf number between 15 to 21 WAP.  
Table 4.14 shows that the high level of phosphorus fertiliser depressed stem diameter. A 
similar trend was observed in the low and medium levels, although these were not 
statistically different from zero P treatment.  Stem diameter was not greatly affected by the 
micro fertiliser (copper and zinc), indicated by no significant difference between 
treatments. 
Table 4.13 Main effect of phosphorus, copper and zinc treatments on number of leaves 
(Treblasala Estate, Indonesia) 
Treatment 
Age of seedlings (weeks after planting - WAP) 
5 7 9 11 13 15 17 19 21 
P 0 3.7a 5.5a 7.a 8.6a 10.2a 13.2a 15.2a 18.5a 20.1a 
 
100 3.8a 5.4a 6.5a 9.0a 10a 13.8a 15.2a 19.1a 21.3a 
 
200 3.8a 5.8a 6.8a 9.0a 10.4a 13.7a 15.2a 19.1a 20.4a 
  1000 3.7a 5.4a 6.4a 8.7a 9.8a 13.2a 15a 18.7a 20.9a 
Cu 0 3.7a 5.6a 6.8a 9.2a 10.2a 14.1a 15.6a 19.8a 21.5a 
  50 3.7a 5.5a 6.6a 8.5b 10a 12.9b 14.6b 17.9b 19.8b 
Zn 0 3.8a 5.6a 6.6a 8.7a 10.1a 13.2a 15.1a 18.6a 20.3a 
  50 3.7a 5.5a 6.8a 9.0a 10.1a 13.7a 15.2a 19.2a 21a 
LSD P   0.3 0.6 0.8 0.9 1.0 1.4 0.7 1.8 1.6 
LSD Cu/Zn   0.2 0.5 0.6 0.7 0.7 1 0.5 1.2 1.1 
Means followed by the same letters in the column are not significantly different at P>0.05 
by LSD 
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Table 4.14 Main effect of phosphorus, copper and zinc treatments on stem diameter (mm) 
(Treblasala Estate, Indonesia) 
Treatment 
Age of seedlings(weeks after planting - WAP) 
7 9 11 13 15 17 19 21 
P 0 4.13a 4.82a 5.5a 6.39a 7.20a 8.06a 8.86a 9.87a 
 
1000 4.09a 4.78a 5.32ab 6.40a 6.93ab 7.87ab 8.66ab 9.56a 
 
200 4.02a 4.73ab 5.37ab 6.37a 7.05a 8.01a 8.70ab 9.57a 
  1000
0 
3.99a 4.56b 5.12b 6.04b 6.70b 7.49b 8.35b 9.09b 
Cu 0 4.08a 4.74a 5.33a 6.33a 7.01a 7.99a 8.76a 9.66a 
  50 4.03a 4.70a 5.31a 6.26a 6.93a 7.72a 8.52a 9.39a 
Zn 0 4.09a 4.72a 5.31a 6.24a 6.96a 7.73a 8.54a 9.41a 
  50 4.03a 4.72a 5.33a 6.36a 6.98a 7.98a 8.74a 9.64a 
LSD P   0.16 0.23 0.27 0.33 0.34 0.39 0.48 0.44 
LSD Cu/Zn 
 
0.12 0.16 0.19 0.24 0.24 0.28 0.34 0.31 
Means followed by the same letters in the column are not significantly different at P>0.05 
by LSD 
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Table 4.15 Main effect of phosphorus, copper, and zinc on leaf area and shoot-root dry 
weight at 21 WAP (Treblasala Estate, Indonesia) 
Treatment Leaf area 
(cm2) 
Shoot (g) Root (g) 
P 0 5563a 35.00a 4.11a 
 
100 5625a 34.97a 4.02a 
 
200 5160a 33.17a 3.66a 
  1000 5522a 35.07a 4.25a 
Cu 0 5550a 34.61a 4.13a 
  50 5385a 34.50a 3.90a 
Zn 0 5375a 34.13a 3.75a 
  50 5562a 34.98a 4.27b 
LSD P 
 
493 2.059 0.68 
LSD Cu/Zn 
 
348 1.456 0.48 
Means followed by the same letters in the column are not significantly different at P>0.05 
by LSD 
At 21 WAP destructive sampling was carried out to measure total leaf area and shoot-root 
dry matter weight. The results are presented in Table 4.15. Leaf area demonstrated a 
different response pattern to other plant growth data (plant height, leaf number, and stem 
diameter) in that there was no significant difference in response to the main effect 
treatments.  Shoot and root dry weight responses were similar to leaf area. Interestingly, a 
significant increase of root dry matter was noticed for the main effect of zinc fertiliser.  
In this study, it was observed that application of three fertiliser treatments did not 
significantly increase the corresponding shoot and root nutrient concentrations (Tables 
4.16 and 4.17).  Copper and zinc concentration were not statistically affected by 
phosphorus uptake. On the other hand, the copper treatment decreased zinc 
concentration significantly, both in the shoot and root.  In addition, the copper 
concentration in the root tended to be reduced by zinc application but a similar trend was 
not recorded for the shoot.   Also, there was trend to lower copper concentration in the 
roots in response to higher copper application but not in the shoots.  Surprisingly, a low 
level of phosphorus fertiliser tended to reduce root iron concentration, and a significant 
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increase of this nutrient was noticed at higher P levels.  A similar trend was not recorded 
for shoot iron concentration.   
The effect of copper and zinc interaction was significant for shoot calcium and iron, also 
for root magnesium, as shown in Table 4.18. Copper fertiliser alone enhanced calcium and 
magnesium uptake, rather than if combined with zinc or zinc alone. In contrast, iron 
concentration was significantly higher in the presence of zinc or copper fertiliser, but 
tended to be lower when both were applied. These results suggest that the combination of 
copper and zinc application would not affect calcium, iron, and magnesium uptake in 
young cocoa seedlings. In addition, deficiency of any of these nutrients might be adjusted 
by application of copper or zinc fertiliser alone. An interaction between P and Zn was 
observed for calcium concentration in the shoot (Table 4.19). In the presence of zinc 
fertiliser, the highest P treatment reduced calcium concentration significantly but, at lower 
P levels, zinc increased calcium (significantly for P1 level). 
Table 4.16 Main effect of phosphorus, copper, and zinc on shoot nutrient concentration at 
21 WAP (Treblasala Estate, Indonesia) 
Treatment 
N P K Mg Ca Cu Zn Fe Mn 
Shoot dry matter (%) Shoot dry matter (ppm) 
P 0 1.38a 0.25a 1.62a 0.38a 1.93a 8.4a 67.5a 207a 191a 
 
100 1.45a 0.25a 1.61a 0.37a 1.87a 8.1a 67.2a 244a 180a 
 
200 1.42a 0.27a 1.70a 0.38a 1.95a 8.2a 59.6a 202a 188a 
  1000 1.38a 0.25a 1.54a 0.37a 1.93a 8.2a 66.8a 239a 194a 
Cu 0 1.38a 0.25a 1.60a 0.37a 1.87a 8.3a 71.8a 212a 184a 
  50 1.43a 0.26a 1.63a 0.38a 1.97a 8.2a 58.7b 234a 192a 
Zn 0 1.43a 0.25a 1.60a 0.37a 1.95a 8.2a 63.1a 220a 194a 
  50 1.38a 0.26a 1.63a 0.38a 1.89a 8.3a 67.4a 226a 183a 
LSD P   0.15 0.020 0.13 0.02 0.20 1.73 14.7 76 24 
LSD Cu/Zn 
 
0.11 0.014 0.09 0.02 0.14 1.22 10.4 54 17 
Means followed by the same letters in the column are not significantly different at P>0.0 by 
LSD  
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Table 4.17 Main effect of phosphorus, copper, and zinc on root nutrient concentration at 
21 WAP (Treblasala Estate, Indonesia) 
Treatment 
N P K Mg Ca Cu Zn Fe Mn 
Root dry matter (%) 
P 
K 
Mg 
Ca 
Root dry matter (ppm) 
Zn 
Fe 
Mn 
P 0 0.79a 0.23a 0.97a 0.34a 0.53a 24.7a 57.27a 530a
b 
102a 
 
100 0.77a 0.22a 0.93a 0.33a 0.48a 23.3a 60.37a 456b 124a 
 
200 0.79a 0.22a 0.99a 0.34a 0.53a 23.9a 55.77a 615a 115a 
  1000
0 
0.74a 0.23a 0.99a 0.34a 0.58a 29.3a 59.22a 656a 109a 
Cu 0 0.77a 0.22a 0.95a 0.33a 0.52a 27.2a 69.95a 538a 115a 
  50 0.77a 0.23a 0.99a 0.34a 0.54a 23.3a 46.37
b 
590a 110a 
Zn 0 0.77a 0.23a 0.98a 0.34a 0.53a 28.8a 62.81a 580a 115a 
  50 0.77a 0.22a 0.96a 0.33a 0.53a 21.7a 53.50a 548a 110a 
LSD P 
 
0.07 0.02 0.098 0.03 0.095 10.34 17.32 144 16.71 
LSD Cu/Zn 
 
0.05 0.02 0.069 0.02 0.067 7.31 12.25 102 11.81 
Means followed by the same letters in the column are not significantly different at P>0.0 by 
LSD  
Table 4.18 Copper and zinc interaction effects on shoot calcium, iron, and root magnesium 
(Treblasala Estate, Indonesia) 
Cu Zn Ca shoot Fe shoot Mg root 
0 0 1.83a 174a 0.32a 
0 50 1.92ab 250b 0.34ab 
50 0 2.07b 266b 0.36b 
50 50 1.87a 202ab 0.32a 
LSD 5%   0.20 76 0.03 
Means followed by the same letters in the column are not significantly different at P>0.05 
by LSD  
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Table 4.19 P and Zn interaction effects on shoot calcium concentration (Treblasala Estate, 
Indonesia) 
P Zn Ca shoot 
0 0 2.07b 
0 50 1.80ab 
100 0 1.69a 
100 50 2.04b 
200 0 1.93ab 
200 50 1.97ab 
1000 0 2.10b 
1000 50 1.77a 
LSD 5%   0.28 
Means followed by the same letters in the column are not significantly different at P>0.05 
by LSD  
4.2.4 Discussion 
The study was carried out to evaluate cocoa seedling growth and nutrient uptake in 
response to different levels of phosphorus and micronutrient (Cu and Zn) supply.  
Declining vegetative growth was detected as P increased and was greatest at the highest 
level of P application. The study was unable to show a positive response to P fertiliser, 
probably because the natural soil P was sufficient to fulfil the growth needs of young cocoa 
plant. It was noted that the natural soil P was 28.16 ppm, which is regarded as being 
adequate for growing cocoa compared with previous nutrient studies which reported a 
critical soil P level of 10 ppm (Yusoff et al. 2007). 
The results of this study in Indonesia, support the results of the earlier experiment 
undertaken at the UQ Gatton campus, Australia, in that application of P fertiliser to a soil 
with high P availability reduced cocoa plant vegetative growth, which indicates a 
detrimental effect of P. In the Gatton study, the negative effect of high levels of P may be 
attributed to an imbalance of other nutrients as a result of increasing P uptake. Although it 
was noted in this study that enhancing P supply tended to increase P uptake, the effect 
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was not statistically significant. Additionally, P level did not affect copper and zinc uptake, 
even at the highest P level. This result may be explained by the fact that the phosphorus, 
copper, and zinc treatments did not statistically increase plant growth. In other studies 
where phosphorus was reported to influence copper and zinc uptake, phosphorus 
application significantly increased uptake and yield response (Akhtar et al. 2010).  
The present study demonstrated that various levels of phosphorus significantly influenced 
the iron concentration in the roots but not in the shoots, indicating the iron uptake by roots 
was altered by P supply. Low P fertiliser slightly reduced root iron but increased it at higher 
P levels. The observed effect of P to iron is similar to that found by Barben et al. (2011) 
who reported there were great differences in iron root concentration in plants grown in P 
deficient and excess medium. Root iron concentration may be high in P deficient medium 
because iron translocation to the shoot is limited. On the other hand, excessive P supply 
promotes iron precipitation which accumulates more iron. Therefore both low and high P 
levels can potentially result in the accumulation of increased levels iron in roots. It is also 
noted that the highest root iron concentration in the present study was only 1/10 of that in 
the previous study at UQ Gatton. This confirms the argument that there may have been 
iron toxicity in the Gatton study. On the other hand, the level of iron in the present study 
was comparable with normal ranges in most crops reported by Fageria et al. (2002). 
The application of micronutrient fertiliser in the current study failed to increase the uptake 
of corresponding nutrients and promote plant growth; this may have reflected high soil 
fertility. The soil micronutrient content was in normal ranges suggested by Fageria et al. 
(2002).  However, this study showed that addition of copper fertiliser reduced the zinc 
concentration in both the shoots and roots. This indicates that a high copper supply may 
decrease root zinc uptake, which also reduces its translocation to the plant tops. Similarly, 
zinc fertiliser tended to decrease root copper concentration, although shoot copper 
concentration was not altered. The reason for the drop in Cu content of the roots may 
have been related to the fact that copper and zinc are absorbed by the same carrier from 
the soil. If either of these nutrients becomes more available, there will be competition in 
the root for their uptake and less nutrient will be accumulated in the shoot (Fageria et al. 
2002). Mousavi et al. (2012) provided a more detailed explanation on this copper and zinc 
interaction. The application of copper fertiliser increases the copper level in the soil 
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solution, relative to zinc; therefore the roots take up more copper. As a consequence, less 
zinc is absorbed by the roots and translocated to the shoots. The reverse effect is also 
observed when zinc fertiliser is applied, as reported by Imtiaz et al. (2006), who found a 
reduction in copper concentration in the presence of zinc fertiliser.  
Narwal and Malik (2011) suggested that the competitive effect of copper and zinc is 
common in conditions of low supplementation of both nutrients or large application of 
either of them. For a low rate of application, an antagonistic effect is observed in the plant 
tissue but this is not necessarily reflected in the yield. A stronger yield response would 
probably be observed in responses to larger application levels.  This competitive 
relationship between copper and zinc is well documented for annual crops, for example in 
wheat, lentil, maize, and peas (Imtiaz et al. 2006; Narwal & Malik 2011). As far as can be 
ascertained, the antagonistic relationship between copper and zinc reported in the results 
of the present study is the first reported for cocoa. 
In this study, interaction effects of copper and zinc on the uptake of magnesium, calcium, 
and iron in cocoa plant tissue were found. In general, a combination of copper and zinc 
fertiliser did not change the concentrations of these nutrients. But the application of copper 
alone increased the magnesium and calcium levels in the plant tops. This may reflect an 
enhancement of Mg and Ca translocation from roots to the shoots, since root uptake of Mg 
and Ca was not changed by applied copper. Interestingly, zinc fertiliser only increased iron 
uptake by the roots. The same result was obtained by (Barben et al. (2010b), 2010a); 
Barben et al. 2011) who found that a high zinc level in liquid culture medium promoted root 
iron uptake.  
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4.2.5 Conclusions 
This study demonstrated that there was no positive yield and nutrient response to the 
application of phosphorus, copper, and zinc which indicates a high level of nutrient 
availability in the soil used in the study. The implication of these results is that the 
application these nutrients may not be necessary in the commercial cocoa blocks of 
Treblasala Estate, London Sumatra Indonesia. High levels of P fertiliser application 
caused a detrimental effect on young cocoa growth. In terms of nutrient uptake, increasing 
phosphorus level had no effect on most micronutrients, although iron uptake increased in 
the highest P treatment especially for roots.  
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CHAPTER 5 INTERACTION OF PHOSPHORUS, MICRONUTRIENT STATUS AND 
VASCULAR STREAK DIEBACK DISEASE IN YOUNG COCOA PLANTS 
5.1 Introduction 
In Indonesia, cocoa is planted in 32 out of the 34 Indonesian provinces, with  94% of the 
planted area owned by smallholder farmers, while plantation companies have 95.000 
hectares (Statistics Indonesia 2014), for example, London Sumatra Indonesia has 2400 ha 
of cocoa plantation in Jawa Timur, Sumatra Utara, and Sulawesi Utara. The company has 
been cultivating cocoa intensively since the early 1980s. The annual production decreased 
significantly from an average of 2 tonnes/ha in 2006 to 1.1 tonnes/ha in 2012. A similar 
yield reduction was observed in the smallholder farmers (Statistics Indonesia 2014). 
Vascular Streak Dieback (VSD) is a serious cocoa disease and has caused 37% yield 
decline in Indonesia (Ministry of Agriculture 2012). The disease is caused by tullanesoid of 
Oncobasidium theobromae, which penetrate unhardened cocoa leaves and ramify into 
xylem vessels (Keane et al. 1972; Keane 1981). As a result of this infection, the death of 
leaves and branches is inevitable, leading to a significant canopy reduction in susceptible 
planting material (Lass 1985; Efron et al. 2002). For example, an observation in cocoa 
plantation of London Sumatra Indonesia revealed that when the disease has ramified in 
the main stem tissues, most of the leaves and branches become necrotic and only 20-40 
% of the canopy remains.  VSD was first observed in 2008 when only 5 % of the plantation 
area was infected; it subsequently gradually increased to 100 % in 2012 (Treblasala 
Estate-see Table 3.3). 
Integrated disease management is recommended for controlling VSD (Kamil et al. 2006). 
This involves chemical spraying with flutriafol and triadimenol, the use of transparent 
plastic to provide shade in the nursery, the use of VSD tolerant planting material, 
sanitation of diseased branches, and the incorporation of extra fertiliser. Sanitation of the 
diseased branches at least 30 cm from the location of detectable VSD streaks efficiently 
minimizes the inoculum source and promotes canopy regrowth (Lass 1985). However, this 
practice is impractical for large commercial cocoa plantations due to labour costs. The 
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adoption of cultural practices by managing nutrient levels seems a potentially better 
approach; however, information on this approach is limited. 
Early studies on cocoa nutrition and dieback in London Sumatra Indonesia indicated that 
nutrient application might be beneficial in alleviating dieback. Leaves taken from dieback 
affected trees tended to have higher phosphate and lower copper and zinc status when 
compared with the leaves of healthy trees (BLRS 2006). Interestingly, observations 
revealed that VSD disease was seen in most of the dieback trees which had lower 
micronutrient levels (BLRS 2008). The addition of copper and zinc fertiliser to young cocoa 
plants resulted in growth promotion when compared with non-treated plants and prevented 
the exhibition of dieback symptoms (BLRS 2007). A further field trial supported this finding 
where old cocoa trees infected by VSD showed increased copper and zinc concentrations 
in response to the application of these fertilisers; however, disease infection was not 
measured in this experiment (BLRS 2010).  
It is generally accepted that a plant with low nutrient status is predisposed to disease 
infection and correcting the deficiency may enhance a plant’s response to infection. This is 
because the application of the deficient nutrient will promote plant growth and provide the 
plant with an ability to escape from the disease (Marschner 1995).    
Despite the fact that a balanced fertiliser regime enhances a plant’s tolerance to disease in 
many crops, there is very limited information on the relationship of nutritional status and 
disease incidence in perennial trees, especially cocoa. Therefore, the study aimed to 
identify whether high phosphorus fertiliser induces micronutrient deficiency which, in turn, 
results in greater susceptibility to VSD infection; also if phosphorus, potassium, copper or 
zinc fertiliser applications are correlated with the incidence of VSD. 
5.2 Materials and methods 
The experiment was carried out in a commercial cocoa plantation of Treblasala Estate, 
London Sumatra Indonesia in Banyuwangi, Jawa Timur, Indonesia. The plantation is 
located 300 metres above sea level, in an area with flat to undulating topography and 
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annual rainfall of 2,200 mm. Monthly minimum and maximum temperatures range from 21° 
to 35°C and relative humidity averages about 90%.  
Clonal propagation to prepare VSD tolerant and susceptible genotypes 
Open pollinated cocoa seeds from a commercial plantation were planted in pre-nursery 
polybags to provide rootstock. After 14 days, the plants were budded with VSD tolerant 
(PBC 123) or susceptible (BL 2936 and BL 342-408) genotypes, using budwood from the 
multiplying garden. Budded plants were maintained under a plastic roof to protect them 
from direct rainfall and sunlight. Watering was carried out every two days and young 
shoots growing on the rootstock were removed weekly. The rootstock was gradually cut 
back after the scion produced a leaf, and totally cut when it had 3-5 hardened leaves. It 
was then transplanted into larger pots. Plants were maintained in the cocoa nursery during 
this preparation stage from November 2013 to the end of January 2014. Figure 5.1 
illustrates the cocoa plant propagation. 
There was a severe infection by Phytophthora sp during this preparation stage which 
caused 50% death of the seedlings.   A decision was therefore made to use older plants 
taken from the commercial nursery. The plants were 8 months old after clonal propagation 
and transferred to bigger polybags. Finally, two separate experiments were undertaken 
using three month old and eight month old cocoa seedlings.  
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Figure 5.1 Cocoa plant preparation  
A) Emerging seed at 2 weeks; B) Scion is budded to rootstock; C) Covering by parafilm; 
D) Parafilm is opened up after 2 weeks; E) Emerging shoot from scion; F) Young shoot 
develops; G) Gradual cutting of rootstock; H) Transplanting to large polybag when scion 
had 3-5 hardened leaves and trimming of remaining shoots on the rootstock using 
scissors. 
Experimental design and treatments  
The experiment was laid out according to an alpha design of 6 blocks of 6 with 4 
replications. Two genotypes were selected to represent relatively VSD tolerant and 
susceptible plant material, based on visual disease severity in commercial fields. Each 
clone received a factorial combination of fertiliser treatments. There were 2 levels of 
phosphorus (200 and 1000 ppm), 2 levels of potassium (0 and 100 ppm) and 3 levels of 
91 
 
copper and zinc treatments (0, 25, and 50 ppm). The fertiliser treatments were included in 
a combined factorial, giving a total of 36 treatments in each replicate and genotype. 
The phosphorus treatments were applied during the transplanting process, from the pre-
nursery to larger polybag phases (Figure 5.1H). Treatments were applied individually by 
mixing Triple Superphosphate fertiliser with soil which was taken from a commercial field. 
Muriate of Potash was used as the potassium source, while sulphate form for copper and 
zinc fertilisers were used. The fertiliser was weighed for individual treatment per polybag 
and applied to the soil surface. In an attempt to maintain an adequate supply of nutrients, 
75 ppm of nitrogen was applied in the form of urea to each polybag.  
The soil used in the experiment was taken from the commercial areas where VSD 
incidence was known to be high in the period from January to October 2013. The soil was 
rich in nutrients as indicated in Table 5.1. According to Wood & Lass (1985), optimum 
cocoa growth is achieved at pH 6.5 and soils with a pH ranging between 6 and 7.5 are the 
best for growing cocoa. The soil selected for the experiment was therefore highly suitable 
for cocoa, because the soil pH was in the suggested range, and was supported by 
relatively high organic matter content (4%). Other nutrients (P, K, Mg, Ca, Cu and Zn) 
were in the medium to high supply range when compared with the information in the 
reports by Wood & Lass (1985). 
Table 5.1 Soil chemical properties before treatment (Treblasala Estate, Indonesia) 
 Property Units Measurement 
soil pH (H2O) 
 
6.37 
OM  % 4.10 
P bray ppm 121.8 
Exc. K  m.e/100 g 0.96 
Exc. Mg m.e/100 g 3.05 
Exc. Ca m.e/100 g 7.21 
Cu ppm 4.90 
Zn ppm 6.00 
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A field with 21 year old cocoa trees with severe VSD symptoms was selected as a natural 
source of inoculum for the disease. Pots were transferred from the nursery to this field, 
arranged under the infected trees, and kept for 6 months (February to August 2014) in 
order to get maximum exposure to the disease. One month after setting up the pots in the 
field, there was an occurrence of Hellopeltis sp infestation and Phytophthora sp infection 
which necessitated regular chemical spraying for their control. Chemical spraying with 
Alika 247 ZC (active ingredient lamda cyhalothryn and thiamethoxam) was done twice 
weekly using 0.3 ml/1 litre water. This pesticide targeted Hellopeltis sp, while Phytophthora 
sp was controlled with Previcur N spray applied at 1 ml/1 litre water. The Previcur N spray 
did not provide effective control of Phytophthora sp because of the abundance of the 
inoculum in the commercial field, while the rainy season supported the spread of the 
disease. Table 5.2 summarises the weather data for the trial period, from October 2013 to 
August 2014.  Generally, November to May are high rainfall months that support disease 
development of either Phytophthora sp or VSD. 
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Table 5.2 Weather data for the period October 2013 to August 2014 (Treblasala Estate, 
Indonesia) 
Year Month Rainfall Rainy  Mean 
Temperature 
Relative 
humidity Evaporation 
Sunshine 
duration 
   
days 
    mm   °C % mm/day hours 
2013 Oct. 1 1 26.2 85.8 5.5 16.6 
2013 Nov. 278 18 26.2 88.4 4.0 9.4 
2013 Dec. 452 20 25.7 90.7 3.4 8.2 
2014 Jan. 459 20 25.8 89.6 3.6 9.8 
2014 Feb. 68 13 25.8 89.0 3.3 10.3 
2014 March 170 13 25.8 89.6 3.9 13.5 
2014 Apr. 186 12 26.3 89.7 3.7 13.5 
2014 May 90 10 26.3 88.9 3.7 NA 
2014 June 58 6 25.3 90.1 3.1 10.4 
2014 July 85 16 24.1 91.5 2.2 8.2 
2014 Aug 36 7 24.1 88.9 3.1 13.3 
Average 171 12 26 89 4 11 
NA = data is not available  
Data collection was carried in relation to plant vegetative growth, nutrient level and 
disease assessment. Plant height and number of leaves were measured at 4 week 
intervals, starting from the fourth week of February 2014. Plant height was measured from 
the soil surface to the growing tips. Fully expanded and hardened leaves were counted. 
VSD disease assessment was carried out visually at the end of the experiment, according 
to the following criteria: 0=no symptoms, 1=signs of chlorosis, no or few leaf drop, 
2=distinctive chlorosis and some leaf drop, 3=severe leaf loss, 4=plant death (McMahon et 
al. 2010).  
Destructive sampling was carried out in the first week of August 2014. Leaves were 
removed from the plant and the stem was split to assess streak in the tissue. Roots were 
washed in the nursery at the end of the sampling period. Samples were cut into small 
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pieces to accelerate the drying process at 60°C in an oven, for 24 and 48 hours for leaf 
and stem/root samples, respectively. Dry matter weights of samples were measured in a 
top loading analytical balance. Leaf and stem samples were blended for further nutrient 
analysis, while roots were analysed separately. 
The dry plant samples were ground, ashed, and used for nutrient analysis. Samples were 
wet digested with H2SO4 according to the N-Kjeldahl procedure for nitrogen determination. 
For elemental analysis, samples were dried and ashed and prepared with HCL and HNO3. 
Phosphorus was determined in a Specthropotometer and potassium in a flame 
photometer. Atomic Absorption Spectrometer (AAS) was used to determine Ca, Mg, Cu, 
Fe, Mn, and Zn (Lubis 2008). 
Soils were analysed at pre-treatment and the end of the experiment. At harvest, samples 
were collected from each pot for nutrient analysis. Measurement of pH was 1:5 of soil and 
water. Organic matter was determined by adapting the Walkey and Black oxidation 
method (RRIM 1980). Nitrogen analysis followed the N-Kjeldahl procedure. P Bray II 
method was used to measure phosphorus content in a Spectrophotometer. Micronutrients 
were extracted in CaCl2 0.1 M and then determined in AAS (Lubis 2008).  
Data on vegetative growth and tissue analysis were subjected to a factorial analysis of 
variance, with means tested by LSD at P < 0.05 probability level. Logistic linear regression 
was used to analyse the percentage of trees infected by VSD. Data analysis was done 
using Genstat statistics software version 16th (VSN International 2014).  
5.3 Results 
The study was carried out in two separate experiments for three and eight months old 
seedlings, therefore the results are reported separately for the seedlings in each age 
category.  
5.3.1 Experiment using three month old cocoa seedlings 
Plants were exposed to natural inoculum starting from 3 months of age, when the average 
height of seedlings was 20 cm with 5 leaves.  There was no significant growth in all the 
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treated plants after one month in the field. The plants were not measured for vegetative 
growth because most were stunted and some reflected a negative growth rate (i.e. they 
had decreased in size). An attempt was made to measure plant dry matter weight at the 
end of experiment but the data showed too high a variation, with values ranging from 1-20 
g. Therefore a yield response to fertiliser and interaction with VSD was not reported 
because it was assumed that there was confounding effect of the treatment and 
environmental factors. 
In general, disease infection caused by Phytophthora sp was suspected to be responsible 
for the retarded growth rate in the experiment. The fungus infected the young leaf flush 
and prevented the development of hardened leaves, thereby resulting in stunted growth. 
Weekly application of fungicide was not successful in reducing the disease incidence, 
presumably because the infection occurred repeatedly due to the presence of abundant 
Phytophthora inoculum in the experimental area. It was noted that during the nursery 
preparation phase the disease caused the death of 50% of the prepared seedlings. This 
mortality incidence has become common in the cocoa nursery of Treblasala Estate 
London Sumatra Indonesia.  Currently disease control is carried out by using a clear 
plastic roof above the nursery bed to minimise infection. This practice has been successful 
in reducing Phytophthora incidence in the nursery and minimizing VSD infection in early 
growth. Since the experiment aimed to allow VSD infection in the young plants, the use of 
a plastic roof was not appropriate for Phytophthora sp control in the field trial.  
Although vegetative growth was not measured, VSD assessment was done at the end of 
experiment. Visual observations and splitting the stems showed that 100% of the plants 
were infected by VSD, both the tolerant (PBC 123) and susceptible (BL 342-408) 
genotypes. Both genotypes showed chlorosis, vascular streak in the xylem tissue and 
enlargement of the lenticel but not very clearly. Visually it was observed that genotype BL 
342-408 showed more severe symptoms in terms of VSD infection and the plants were 
also less developed. The fact that VSD symptoms were observed in all plants indicated 
that the disease may have also contributed to the stunted growth. Figure 5.2 illustrates the 
appearance of the plant before and after exposure to VSD inoculum in the field.  
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Figure 5.2 Plant appearance in the three month seedlings experiment  
A) plants before exposure to VSD inoculum; B) stunted plant after 6 months under VSD 
tree; C) seedlings which developed chlorosis and light dieback; D) seedlings with heavy 
infection of Phytophthora sp. 
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5.3.2 Experiment using eight month old cocoa seedlings 
Soil samples were collected from individual treatments at the end of the experiment and 
analysed for pH, and available P, Cu, and Zn. Soil pH was significantly reduced by a 
single application of copper or zinc fertiliser (Table 5.3), which may have been because 
the sulphate form of fertiliser added the H+ ion to the soil solution and increased the 
availability of the nutrient as a result. Phosphorus and potassium fertiliser did not affect 
soil pH. High rates of application of phosphorus fertiliser significantly increased P 
availability by 30%. It is noted that pre-treatment soil P was 121.8 ppm (Table 5.1), and 
this increased to 193 and 254 ppm at 8 months after application of 200 and 1000 ppm 
phosphorus, respectively (Table 5.3). This data indicates that fertiliser application 
enhanced P availability in the soil. There was a statistical difference in the soil P supply in 
the tested genotypes. PBC 123 had a significantly higher P compared with BL 2936, which 
indicates that PBC 123 took less P from the soil. 
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Table 5.3 Main effect of treatment on soil pH and phosphorus availability at the end of 
experiment (Treblasala Estate, Indonesia) 
Treatment                pH Phosphorus(ppm) 
Genotype BL 2936 6.17 215 
  PBC 123 6.19 232 
Phosphorus 200 6.19 193 
  1000 6.18 254 
Potassium 0 6.18 225 
  100 6.18 222 
Copper 0 6.27 227 
 
25 6.10 226 
 50 6.18 218 
Zinc 0 6.24 220 
 
25 6.18 216 
 50 6.13 234 
LSD 5% (Genotype, P, K) 0.03 16 
LSD 5% (Cu, Zn) 0.04 17 
Note: Significant differences were obtained for the numbers shown in bold print in the 
same column 
 
Table 5.4 Soil copper and zinc levels from selected treatments 8 months after application 
(Treblasala Estate, Indonesia) 
Treatment Cu(ppm) Treatment Zn(ppm) 
Low P 4.1 Low P 49 
Low P + low Cu 25.1 Low P + low Zn 141 
Low P + high Cu 7.7 Low P + high Zn 230 
High P 4.1 High P 74 
High P + low Cu 28.9 High P + low Zn 87 
High P +  high Cu 9.79 High P +  high Zn 201 
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There was high variability in copper and zinc soil data that resulted in extremely high CV 
values in the statistical analysis. Therefore only selected treatments which gave consistent 
results are summarized in Table 5.4. This data is based on the average of 4 replicates and 
statistical analysis was not performed so trends only can be observed. The application of 
copper at a low rate consistently increased soil Cu supply in treatments with both low and 
high P, but its availability was reduced in the high copper fertilizer treatment. Zinc 
fertilization resulted in a different response to copper, with soil nutrient supply being 
consistently enhanced in the presence of zinc fertiliser. 
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Table 5.5 Main effect of genotype and fertiliser on shoot nutrient concentration (Treblasala 
Estate, Indonesia) 
Treatment 
N P K Mg Ca Cu  Zn Mn Fe 
Shoot dry matter (%) Shoot dry matter (ppm) 
Genotype BL 2936 1.32 0.23 1.94 0.19 0.35 1.83 12.7 183 160 
 
PBC 123 1.51 0.19 1.75 0.24 0.68 2.92 27.0 377 106 
Phosphorus 200 1.42 0.20 1.87 0.21 0.49 2.35 20.3 272 137 
 
1000 1.41 0.22 1.82 0.21 0.54 2.41 19.4 288 129 
Potassium 0 1.42 0.21 1.85 0.21 0.52 2.35 19.2 253 130 
 
100 1.41 0.21 1.84 0.21 0.52 2.40 20.4 307 136 
Copper 0 1.44 0.21 1.86 0.22 0.53 2.07 20.4 272 136 
 
25 1.41 0.21 1.84 0.21 0.51 2.75 19.5 289 124 
 
50 1.39 0.22 1.84 0.21 0.51 2.32 19.6 279 139 
Zinc 0 1.42 0.22 1.85 0.21 0.53 2.48 14.3 273 136 
 
25 1.38 0.21 1.84 0.21 0.50 2.21 20.7 289 127 
 
50 1.44 0.21 1.85 0.21 0.51 2.44 24.4 278 136 
LSD 5% (Genotype) 0.07 0.01 0.05 0.01 0.02 0.29 2.12 18.11 11.96 
LSD 5% (P,K) 0.07 0.01 0.05 0.01 0.03 0.26 2.15 19.25 12.06 
LSD 5% (Cu,Zn) 0.08 0.01 0.06 0.01 0.03 0.31 2.63 23.57 14.78 
Note: Significant differences were obtained for the numbers shown in bold print in the 
same column 
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Table 5.6 Main effect of genotype and fertiliser on root nutrient concentration (Treblasala 
Estate, Indonesia) 
Treatment   N P K Mg Ca Cu Zn Mn Fe 
    Root dry matter (%) Root dry matter (ppm) 
Genotype BL 2936 0.69 0.143 1.32 0.144 0.43 8.06 26.4 287 375 
  PBC 123 0.79 0.188 1.33 0.144 0.38 7.73 27.1 278 393 
Phospho- 
rus 
  
200 0.74 0.159 1.32 0.138 0.38 7.72 26.5 277 383 
1000 0.74 0.172 1.33 0.15 0.42 8.07 27 287 385 
Potassium 0 0.74 0.164 1.37 0.144 0.4 7.97 26.8 267 389 
  100 0.75 0.167 1.28 0.145 0.4 7.83 26.7 298 379 
Copper 0 0.71 0.168 1.37 0.147 0.4 6.65 29 294 405 
 
25 0.79 0.167 1.28 0.141 0.39 7.02 25.7 282 381 
  50 0.72 0.162 1.33 0.145 0.41 10.02 25.6 271 366 
Zinc 0 0.76 0.165 1.31 0.145 0.41 6.23 19 284 395 
 
25 0.71 0.166 1.32 0.144 0.4 9.11 28.6 287 386 
  50 0.75 0.166 1.34 0.144 0.4 8.35 32.7 276 372 
LSD 5% (Clone) 0.04 0.007 0.05 0.007 0.03 1.25 2.2 23 28.41 
LSD 5%(P,K) 0.06 0.008 0.07 0.008 0.03 1.33 3.22 31.43 39.02 
LSD 5% (Cu,Zn) 0.08 0.01 0.08 0.009 0.04 1.63 3.95 38.49 47.79 
 Note: Significant differences were obtained for the numbers shown in bold print in the 
same column 
Plant nutrient response to the applied nutrient treatments is shown in Tables 5.5 and 5.6. 
There was a statistical difference in shoot and root nutrient concentration due to plant 
genotype. Most of the highest nutrient levels were found in PBC 123 (tolerant genotype) 
which had more vigorous growth. Shoot concentration of magnesium, calcium, copper, 
zinc and manganese were higher in this genotype. However it is noted that the 
concentrations of the major nutrients, nitrogen, phosphorus and potassium, were higher in 
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the shoots of BL 2936 rather than PBC 123. Conversely, root nutrient concentration 
showed a different pattern, with PBC 123 having higher nitrogen and phosphorus, while 
BL 2936 had higher calcium concentration.  
The fertiliser treatments were reflected in significantly higher nutrient concentrations for 
their corresponding elements and influenced the levels of other elements. For example, 
shoot and root phosphorus were considerably increased by increase of phosphorus 
fertiliser from level 1 to 2. As a result of this fertilization, shoot calcium, root magnesium 
and calcium were enhanced, but there was reduction in shoot potassium. Copper fertiliser 
significantly increased shoot nutrient content at a low rate of application but decreased the 
nutrient level at the higher application rate. On the other hand, a significant increase of 
root copper was only obtained at the high fertiliser rate.  Zinc application consistently gave 
a higher nutrient concentration in the plant’s root and shoot at, both at low and high 
application rates. In addition to this effect, root copper was enhanced at the low zinc but 
decreased at the high level.  
In contrast with phosphorus, copper and zinc, the application of potassium fertiliser did not 
increase of the concentration of this nutrient. Root potassium decreased in the presence of 
this fertiliser, and a similar trend was observed in the shoot, although there were no 
statistical difference.  Potassium application, however, resulted in a significant increase in 
manganese levels in both shoots and roots.  
There was a significant two way interaction for shoot P, Ca and Zn (Table 5.7). The 
application of P fertiliser without K slightly increased shoot P concentration, while the 
combination of P and K fertilisers resulted in a further significant increase in shoot P. 
There was a genotype interaction in the response to phosphorus fertiliser which influenced 
the calcium level.  Shoot calcium was higher in the PBC 123 genotype and increased 
significantly with increasing phosphorus application rate. Another positive interaction was 
observed in zinc status due to genotype and zinc fertiliser. PBC 123 consistently had a 
higher zinc status than BL 2936, and the highest status was obtained by PBC 123 treated 
with the highest zinc fertiliser rate. 
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Table 5.7 Two way interactions in the concentrations of shoot P, Ca, and Zn (Treblasala 
Estate, Indonesia) 
Shoot P Shoot Ca Shoot Zn 
  K   P   Zn 
P 0 100 Genotype 200 1000 Genotype 0 25 50 
200 0.209 0.200 BL 2936 0.34 0.36 BL 2936 8.21 14.54 15.21 
1000 0.213 0.227 PBC 123 0.64 0.72 PBC 123 20.41 26.94 33.49 
LSD 5% 0.013 LSD 5% 0.03 LSD 5% 3.67 
Note:  Significant differences were obtained for the numbers shown in bold print 
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Table 5.8 Main effect of genotype and fertiliser on number of leaves and plant height at 12 
to 32 Weeks-after-Treatment (WAT) (Treblasala Estate, Indonesia) 
Treatment 
Number of leaves  Plant height (cm) 
12 16 20 24 28 32 12 16 20 24 28 32 
Genotype 
BL 2936 13.6 20.8 30.5 37.7 43.9 42.2 52.5 66.3 74.9 83.9 86.7 88.3 
PBC 123 11.9 22.5 33.4 44.2 49.5 50.2 55.8 67.2 75.4 81.5 84.4 86.0 
Phosphoru
s 
200 13.0 22.0 32.0 41.1 47.1 46.7 54.7 67.4 76.3 83.0 86.0 88.0 
  1000 12.5 21.4 31.9 40.8 46.3 45.7 53.7 66.0 74.0 82.4 85.2 86.3 
Potassium 0 12.5 21.8 32.3 40.6 46.5 45.7 54.0 66.4 74.6 82.1 85.6 87.4 
 
100 13.0 21.5 31.7 41.3 46.9 46.7 54.3 67.1 75.6 83.3 85.5 86.9 
Copper 0 13.1 21.3 31.8 39.7 46.2 45.6 53.8 66.5 74.9 81.2 84.3 86.0 
 
25 12.5 22.3 30.8 41.5 46.5 45.9 54.3 68.0 76.6 83.9 86.6 88.2 
  50 12.7 21.5 33.3 41.7 47.4 47.1 54.4 66.0 73.9 83.0 85.8 87.2 
Zinc 0 12.7 21.4 33.1 40.6 48.2 46.8 54.2 65.7 73.6 80.8 84.2 85.8 
 
25 13.1 22.4 32.9 42.3 47.3 47.6 54.3 67.4 76.6 83.9 86.7 88.4 
 
50 12.4 21.3 30.0 40.0 44.7 44.2 54.0 67.1 75.1 83.4 85.8 87.2 
LSD 5% Genotype 1.0 1.7 2.3 3.1 3.2 3.2 2.3 3.2 3.8 4.0 4.1 4.3 
 
P, K 0.9 1.6 2.4 3.1 3.5 3.7 2.0 2.9 3.2 3.9 3.6 4.0 
  Cu, Zn 1.1 2.0 2.9 3.8 4.3 4.5 2.5 3.6 3.9 4.8 4.4 4.9 
Note:  Significant differences were obtained for the numbers shown in bold print in the 
same column 
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Table 5.9 Main effect of genotype and fertiliser on dry matter weight at 32 Weeks-after-
Treatment (WAT) (Treblasala Estate, Indonesia) 
Treatment 
Dry matter weight (g) 
Root Shoot Total 
Genotype BL 2936 43.4 68.4 112.7 
PBC 123 42.2 68.4 109.8 
Phosphorus 200 43.5 69.1 112.4 
  1000 42.0 67.8 110.0 
Potassium 0 42.8 68.4 110.0 
 
100 42.8 68.4 112.4 
Copper 0 41.9 67.0 107.8 
 
25 43.6 68.5 112.6 
 50 42.8 69.7 113.3 
Zinc 0 41.6 68.5 109.8 
 
25 45.1 71.6 117.0 
 
50 41.7 65.1 106.9 
LSD 5% Genotype 3.0 5.5 7.8 
 
P, K 3.8 5.6 9.5 
  Cu, Zn 4.6 6.9 11.6 
Note:  Significant differences were obtained for the numbers shown in bold print in the 
same column 
Plant vegetative growth failed to show any significant response to fertiliser treatment, as 
indicated in Tables 5.8 and 5.9. There were no statistically significant differences in 
number of leaves, plant height and dry matter weight in response to increasing levels of 
phosphorus, potassium, copper and zinc application. However, there was a response 
pattern for the effect of phosphorus, with the higher P fertiliser levels tending to slightly 
decrease plant vegetative growth. Copper and zinc fertiliser tended to promote plant 
vegetative growth at the low application level. In relation to K, there was no clear response 
pattern. Table 5.8 clearly shows that genotype significantly affected number of leaves. 
There were more leaves produced by BL 2936 in the early observation period (12 WAT), 
but then PBC 123 consistently produced more leaves from 16-20 WAT. Plant height of BL 
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2936 was statistically higher than PBC 123 at 12 WAT, after which there was no 
consistent pattern.  
A positive interaction of P and Cu on the number of leaves and plant height was recorded 
(Table 5.10).  The combination of phosphorus and copper at level 1 significantly promoted 
leaf number and plant height. The result indicates that application of low rate of 
phosphorus and copper seemed to be more beneficial than applying phosphorus alone.  
Indeed, where phosphorus alone was applied, leaf number and plant height tended to be 
reduced.  At the two lowest levels of copper application, leaf number and height tended to 
decrease with phosphorus application (significant for leaf number at 16 WAT and plant 
height at 16 and 20 WAT) whereas at the highest level of copper application, the reverse 
was true (significant for leaf number at 24 WAT).  A similar pattern was observed for dry 
matter weight, but there was no statistical difference for this parameter at 5% LSD. 
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Table 5.10 Two way interaction of phosphorus and copper on leaf number and plant height 
(Treblasala Estate, Indonesia) 
P.Cu level Leaf 
number 
at 16 
WAT 
Leaf 
number at 
24 WAT 
Plant height 
at 16 WAT 
Plant height 
at 20 WAT 
Plant height 
at 24 WAT 
Low P 21.99 41.02 66.1 76.91 82.5 
High P 20.58 38.37 64.9 72.87 79.9 
Low P + low Cu 23.85 43.73 71.7 80.57 86.7 
High P + low Cu 20.68 39.25 64.4 72.61 81.2 
Low P + high Cu 20.11 38.60 64.5 71.52 79.8 
High P + high 
Cu 
22.86 44.78 68.8 76.25 86.1 
LSD 5% 2.85 5.35 5.01 5.56 6.78 
Note:  Significant differences were obtained for the numbers shown in bold print 
 
It was noted during the observation period that pest and other disease infections were 
present. Hellopeltis sp is a cocoa pest that infests young shoots by sucking the emerging 
flush of leaves and results in dieback. Infection of Phytophthora sp was observed in the 
leaves, specifically in the morning following afternoon rainfall. Chemical spraying was used 
to control pests and diseases, but their incidence still occurred. It was therefore decided to 
measure Hellopeltis sp infestation and Phytophthora sp infection in the individual trees by 
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scoring 0 (no attack) and 1 (attacked by pest/disease). These scores were included in the 
analysis of variance as covariates. The results showed these factors significantly affected 
plant vegetative growth. Figure 5.3 shows the early infestation Hellopeltis sp and affected 
shoots. 
 
 
A 
 
 
B 
Figure 5.3. Hellopeltis sp infestation  
A) new infestation in flush leaves; B) result of infestation (photograph by Syaiful Bahri) 
In the current study, plants began to show VSD symptom after 3.5 months exposure to 
infected trees as a natural inoculum source. The first symptoms were observed in 
genotype PBC 123 which received P2K1Cu1Zn0 treatment. Plants showed leaf chlorosis, 
rough bark due to the enlargement of lenticels and developed heavy dieback symptoms, 
followed by the death of the plant, as illustrated in Figure 5.4. Streak assessment was 
done by splitting the branch and stem. It was found that browning of the xylem tissue had 
reached the main stem. This indicated that the infection was severe. It is noted that the 
paired plant, which was genotype BL 2936, did not develop similar symptoms, but 1 month 
prior to the end of experiment, it exhibited leaf chlorosis.  
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One plant from genotype BL 2936 was also severely infected by VSD and died at 20 WAT. 
It was noted that this plant showed leaf chlorosis, starting from 4 months after exposure to 
infected trees and did not grow well. This plant received P1K1Cu2Zn1 fertiliser treatment. 
The paired plant (PB 123) also showed leaf chlorosis but had more vigorous growth and 
lost fewer leaves. 
There were in total 3 plant deaths before the experiment ended, 2 of the plants being  PBC 
123 (tolerant genotype) and 1 was BL 2936 (susceptible genotype).  
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Figure 5.4 VSD symptoms exhibited in PBC 123 plants two weeks before the plants were 
recorded as being dead  
A) leaf chlorosis; B) rough bark due to enlargement of lenticels; C) suspected basidiocarp 
in the leaf scars; D) dieback plant (left) and BL 2936 (right). 
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VSD infection data was analysed in logistic linear regression using Genstat statistical 
software. The results indicated that genotype was the only significant factor that affected 
the VSD infection rate and disease severity (Table 5.11). For genotype PBC 123 which is 
relatively tolerant, 78% of plants were infected by VSD, while the more susceptible BL 
2936 had an infection rate of 97%. The infected plants were scored on a 1-4 scale and 
disease severity in each genotype is presented in Table 5.12. Most of the plants were 
classified as being in the early infection stage with low disease severity, as shown by 85% 
and 71% severity for BL 2936 and PBC 123, respectively. In this early stage, plants exhibit 
distinctive chlorosis and loss of a few leaves, while medium infection results in more fallen 
leaves and clear rough bark in the branch or stem. There were only 6% of plants classified 
with medium disease severity for PBC 123 and 12% for the susceptible genotype, BL 
2936. A very small percentage of plant deaths was observed in each genotype, and there 
were no plants classified as having high infection levels. Illustrations of low and medium 
VSD severity are presented in Figure 5.5. 
Table 5.11 Summary of accumulated mean deviance in logistic linear regression for VSD 
infection and disease severity (Treblasala Estate, Indonesia) 
Change 
Deviance Approx. 
ratio 
chi 
probability 
+ Rep 0.68 0.563 
+ Clone 28.1 <.001 
+ Fertiliser 1.14 0.257 
+ Clone x Fertiliser 0.5 0.994 
Note: significant difference were obtained if chi probability <0.05 
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Table 5.12 Percentage of plants with various levels of disease severity (Treblasala Estate, 
Indonesia) 
Genotype 
Percentage of  plants with disease 
severity 
low (1) medium(2) high(3) death(4) 
BL 2936 85 12 0 1 
PBC 123 71 6 0 2 
 
 
A 
 
 
B 
Figure 5.5 VSD severity exhibited by PBC 123 (left) and BL 2936 (right)  
A) low dieback severity in plant on right and medium dieback severity in plant on the left; 
B) streak in the xylem tissue of disease affected stem. 
 
In terms of fertiliser treatment, there were no statistically significant differences in the 
levels of disease infection and dieback severity. The application of phosphorus, 
potassium, copper, and zinc fertiliser alone or in combination, did not affect the level of 
VSD infection and disease development in cocoa.  
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5.4 Discussion  
The studies aimed to evaluate whether a higher rate of application of phosphorus in cocoa 
plantations induced micronutrient deficiency and resulted in greater susceptibility to VSD 
infection. It was expected that the addition of potassium, copper, or zinc either alone or in 
combination, would reduce or prevent the development of VSD disease in cocoa. The first 
study (using 3 month old seedlings) failed to show a response to the applied fertiliser 
treatment because of confounding effects of  environment which resulted in stunted 
growth. This was because the young cocoa plants were severely infected by Phytophthora 
sp. Although attempts were made to control the disease, these attempts were 
unsuccessful.  
Phytophthora sp infected the young leaf flush during the afternoon rainfall and affected 
shoots could be seen the following  morning. The infection prevented the development of 
hardened leaves  and resulted in no significant growth increases. Mechanical control by 
removing the diseased leaves was done to prevent the spread of the disease. However, 
due to continous wet  weather and infection, this technique have also may  contributed to 
the slow growth, especially in the VSD susceptible genotype (BL 342-408). In general, the 
VSD tolerant genotype (PBC 123) was also infected, but it still showed more vigorous 
growth when compared with BL 342-408.  
Keane (1981) reported that young cocoa seedlings showed stunted growth 7 weeks after 
being infected by VSD. This suggests that another factor which contributed to the stunted 
growth was very probably the VSD infection itself. It was known from the visual 
observations and streak assessment at the end of the experiment that 100 % of seedlings 
exhibited VSD symptoms. Severe dieback was observed in the susceptible genotype (BL 
342-408) which resulted in only a few leaves being  left on the tree, but there was less 
dieback in the VSD tolerant genotype (PBC 123). Five plants out of 72 in the susceptible 
genotype died, and 2 out of 108 died for the relatively tolerant one.  
The results of the experiment for the older plants (8 months old) indicated a significant 
reduction of soil pH was observed in response to single application of copper or zinc 
fertiliser (Table 5.3).  This might have been due to sulphate form of the fertiliser. Other 
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factors may be due to the relationship between pH and micronutrient supply in the soil. 
The availability of Cu and Zn usually increases as soil pH decreases and vice versa 
(Fageria et al. 2002). This study clearly demonstrated these trends, with copper at a low 
rate and zinc fertiliser application successfully increasing nutrient availability and 
decreasing soil pH at the same time.    
The  study showed that the application of P fertiliser increased the soil P level, and there 
was a great difference between low and high treatments. This high P availability in the soil 
resulted in higher P root and shoot concentrations, but there was no growth increment in 
response to the high level; rather, there was a slight decrease in growth rate at the higher 
P level,  which indicates that the application of a high level of P fertiliser was not beneficial 
in a soil with relatively high P supply. This result supports the earlier study   (Chapter 4) 
which found that where soil P was higher than 10 ppm, the application of P fertiliser was 
not necessary.  Other studies in Africa and Malaysia have revealed that positive 
responses to P fertiliser were observed when soil P was less than 10 ppm (Wessel 1985; 
Yusoff et al. 2007).  
This  study demonstrated that P application contributed to increases in  calcium level  in 
both the shoot and root. This was probably due to the form of P fertiliser applied, triple 
superphosphate, a highly water soluble fertiliser that contains 45% P2O5 and 15% calcium. 
Shoot potassium concentration declined at the high P level, which supports the results of 
an earlier experiment at UQ Gatton where highest P treatment reduced shoot K 
concentration (chapter 4.1). It is likely that the high P status may inhibit potassium 
translocation to the shoot, because the root concentration was unaffected. Yusoff et al. 
(2007) found leaf and stem concentration of potassium in 6 months old of cocoa seedlings 
was reduced in response to  increasing P fertilization from 0 to 200 ppm. A further studies 
in a non soil  media may be required to understand the antagonistic effects of phosphorus 
and potassium in young cocoa plants.   
Another important finding in this study was that copper application increased shoot and 
root Cu concentrations, which resulted in a slight increase in vegetative growth . This 
result indicates that a combination of low P and copper fertiliser is beneficial in this soil 
type. A positive interaction of P and Cu on plant height and number of leaves supported 
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this finding.  The combination of low P and Cu gave higher  plant height and number of 
leaves when compared with a single P application. 
A  single application of zinc fertiliser significantly increased the zinc status but the effect on 
vegetative growth was only slight. This lack of a vegetative response may be due to a 
depression effect on  the copper status as zinc availability increases in the plant  tissue. 
Similar results were observed in the earlier  study in Indonesia (Chapter 4.2). The 
explanation for this is that the  copper and zinc are taken up by the same carrier;  
therefore if the availability of either of these nutrient increases, there will be competition 
between them for nutrient uptake (Fageria et al. 2002; Mousavi et al. 2012).  
It is clear that the cocoa genotypes responded differently in terms of nutrient status for 
both macro and micro elements. PBC 123 showed more vigorous growth than BL 342-408 
and had higher level nutrient concentrations for magnesium, calcium, copper, zinc, and 
manganese, but less for potassium. It is also noted from the soil data at the end of the 
experiment that there was more P in the soil of PBC 123, indicating this genotype takes up 
less phosphorus than BL 2936. This information is very important in cocoa research in 
Indonesia, because currently there is limited information regarding the differential uptake 
of nutrients  in the cocoa genotype. 
In relation to VSD, it is known from visual observations in the commercial area of London 
Sumatra that PBC 123 is relatively tolerant and BL 2936 is susceptible. The  results of the 
current study confirm  these observations,  there being  fewer infected trees and lower  
disease severity in PBC 123 relative to BL 2936. Unfortunately, none of the fertiliser 
treatments affected VSD disease development in these two genotypes. The reason for this 
might be due to the fact that the infection stage itself was  still in the early period, as 
reflected  by the data  that most seedlings had low disease severity. Only about 10% of 
seedlings were rated as having a  medium severity of infection.  
Although VSD development was not directly affected by the fertiliser treatments, the study 
clearly showed that the tolerant genotype had more vigorous vegetative growth and 
absorbed more of several nutrients (Mg, Ca, Cu, Zn, and Mn although not Fe) than the 
susceptible genotype.  This may indicate that a plant with higher nutrient status may be 
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more tolerant to disease infection than plants with lower nutrient levels, as reported by 
Marschner (1995). The reason for this may be because plants with optimal nutrient status 
would have better vegetative growth that changes the plant’s microclimate and thus 
influences disease development in the tissue of the plant. Another reason is that 
satisfactory levels of nutrients allow the plant to grow rapidly and potentially escape from 
the disease, especially during the critical infection stage (Colhoun, cited in Fageria et al. 
1997).  
According to Huber and Haneklaus (2007), a study of the relationship  between mineral 
nutrition and plant disease may be done by comparing the nutrient concentration of 
healthy or resistant tissue with that of diseased or susceptible tissue. For example, high 
silicon content in the resistant rice cultivar was correlated with reduced disease severity to 
blast, sheat blight, brown spot and stem rot of rice. Seebold et al. (2001) demonstrated 
that Si application reduced the development of rice blast in susceptible and partially 
resistant cultivars. The reduction in the severity of  fungal diseases such as Fusarium sp, 
Rhizoctonia sp, Sclerotinia sp and Phytium sp has also been  associated with a high 
calcium concentration in tolerant genotypes (Huber & Haneklaus 2007). In this  study, 
higher concentrations of nutrients were found in the relatively tolerant cocoa cultivar 
compared to the VSD susceptible one. Hence, it is possible that higher nutrient levels, 
especially of Mg, Ca, Cu, Zn, and Mn might be beneficial in reducing the effects of VSD 
development in cocoa. However, to verify such an association,  these nutrients need to be 
tested further  under controlled conditions, where the plants are exposed to a range of 
nutrient conditions, from a deficit to an excessive nutrient supply, and which are inoculated 
with VSD. 
The potential beneficial effects of mineral nutrition on reducing disease severity have  
been well documented. Huber (2013) reviewed that plant disease response to magnesium 
may be related to a function of this element in the metabolic process in the plant tissue or 
as a secondary effect of better plant growth. An increase of Mg level decreased the 
severity of 22 diseases, increased the severity of 17 diseases, and was inconsistent for 
further  6 diseases. Serrano (2013) demonstrated that oak tree tolerance to Phytophthora 
rot root was increased in plants that absorbed more calcium. The  application of calcium 
reduced the incidence of Phytophthora stem rot in soybean as reported by Sugimoto 
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(2010). Micronutrients such as copper, zinc, and manganese are also highly correlated 
with plant disease resistance.  
Graham and Webb (1991) reviewed the interactions of micronutrients and plant disease 
resistance. The review provides information that the host plant status of micronutrients at 
the time of infection is crucial to plant health, because the nutrients play  an important role 
in biochemical activity that relates to plant defence mechanism such as phenol and 
carbohydrate metabolism, and lignin polymerasation. Hence, the application of 
micronutrients has showed negative correlation with disease development. Brennan 
(1992) reported that the addition of manganese  decreased the severity of ‘wheat take-all’ 
disease, but not the incidence. Similar results were reported by Heckman et al. (2003), 
Simoglou and Dordas (2006), and Wadhwa et al. (2013). The beneficial effects of copper 
and zinc application in controlling plant disease has been widely reported (Thongbai et al. 
1993a; Thongbai et al. 1993b; Pernezny & Collins 1997; Khairulmazmi 2011; Stoltz & 
Wallenhammar 2012; Singh 2014). Foliar copper reduces  bacterial diseases in citrus and 
pepper, and fungal diseases in red clover, while soil application of zinc decreases  the 
severity of powdery mildew in lentil and Rhizoctonia root rot in cereals.  
Other reasons may help explain why this  study failed to show a relationship between plant  
nutrient status and VSD severity in young cocoa. Perhaps, the soil application is not 
suitable in order to provide protection against foliar diseases. Most of previous studies 
applied the micronutrient in the foliage. Reuveni and Reuveni (1998) and Reuveni et al. 
(2000) have shown that foliar application of mineral nutrients helps provide plant 
protention against diseases through the development of systemic resistance. This 
mechanism may not have been present in this study, as the  nutrients were applied to the 
soil. Huber and Haneklaus (2007) suggested that the effect of nutrition on disease severity 
was easier to observe in a growing media with nutrient levels ranging from deficient, 
adequate to statisfactory, with the strongest correlation being found at deficient or 
excessive levels. These  conditions were  not achieved in this study, since high 
phosphorus application did not depress micronutrient uptake significantly. Another reason 
for the lack response of disease severity to the applied nutrients might have been  due to 
the wide range in scoring disease severity. For practical reasons, the area under disease 
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pressure was  not intensively evaluated in this  study. This measurement may be required 
in the future to get more in-depth  information on the effects of nutrients on  VSD severity.  
In this study disease transfer to healthy plants relied upon natural inoculation by placing 
the plants under VSD infected trees. The method has proven to be effective for disease 
transmission, as reflected  in the percentage of infected trees, 78% for the tolerant 
genotype and 97% for the susceptible genotype. Efron et al. (2002) and McMahon et al. 
(2010) used the same disease transmission method to select for resistant genotypes. 
However, the  current studies showed other environmental factors were involved in 
disease transmission and in  plant vegetative growth. Ideally, there should be no other 
factors involved in an  experiment other than  the designated treatments. However,  
achieving this situation would be difficult in a commercial plantation because of the 
complexity of pests and diseases. Therefore, simplifying the experiment by using a single 
or fewer treatments, and using an increased number of  samples may be a better 
approach when anticipating the  interference of other factors, or by undertaking  the trial 
under more controlled conditions with  artificial inoculation, if  available, could potentially 
be used.  
5.5 Conclusions 
The study results  demonstrated that the application of a high level of P fertiliser did not 
reduce the copper and zinc status of young cocoa seedlings.  There was no beneficial 
effect of the high P level, and a combination of low P and Cu fertiliser may be necessary 
for  this typical soil type. There was no evidence that fertiliser application influenced VSD 
disease severity. However, there were significant difference in nutrient update between the 
genotypes tested  The tolerant genotype produced significantly more vigorous growth and 
had  higher levels of  magnesium, calcium, copper, zinc and manganese.  Therefore, the 
possibility of managing VSD disease through plant nutrition    remains open.  
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CHAPTER 6 GENERAL CONCLUSIONS 
Cocoa is generally planted in the tropics where most soils are highly leached and acidic 
(Wood 1985; Acebo-Guerrero et al. 2012). When grown on acidic soils, the crop is known 
to have high nutritional requirements (Baligar & Fageria 2005), therefore fertiliser 
application is usually necessary to achieve optimum growth. A sufficient nutrient supply 
achieved by a balanced fertilizer program is required to ensure efficient metabolism, high 
production, and unimpeded development (Fageria et al. 2006). 
A balanced fertiliser program has been recommended as one component of integrated 
VSD management in cocoa. However, there is limited information regarding the effects of 
nutrients on VSD severity. Hence, the present studies aimed to evaluate the current 
fertiliser policy in Treblasala Estate, London Sumatra Indonesia, and to investigate 
whether certain nutrients influence VSD infection levels. 
The first study was based on a review of historical environment, management practises 
and survey data from the plantation (Chapter 3). There is an indication that soil pH has 
declined over time, even though lime was continuously applied. This ineffectiveness of 
liming in maintaining pH is probably due to the annual application of urea, suggesting that 
another source of N fertiliser is necessary. Another possibility is that the recommended 
rates of dolomite application were not sufficient to maintain the soil pH, hence rates need 
to be increased. The study also revealed that application of phosphorus fertiliser did not 
alter the soil P status; this is an indication that the regular application rates used for the 
Treblasala Estate soil type were not beneficial. In addition, P status in the plantation is 
much higher compared with the critical level suggested by Wood (1985) and in an on-site 
fertiliser trial. This high P status might have reduced the uptake of other nutrients, as some 
nutrients in plant tissue were lower than the minimum levels for cocoa reported  by Wessel 
(1985) and in nutrient data from an on-site fertiliser trial (BLRS 2011b). Calcium, 
magnesium, copper, zinc, and manganese were the nutrients for which the recorded 
values were below leaf critical levels.  
The hypothesis was that low levels of copper, zinc, and manganese in plant tissue are 
caused by high soil P status.  However, experiments undertaken in Gatton, Queensland, 
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Australia and Treblasala Estate, Jawa Timur, Indonesia (Chapter 4) showed no evidence 
that high P fertiliser application reduced the micronutrient status in young cocoa seedlings. 
In fact, the Gatton experiment showed that higher P supplementation increased the levels 
of phosphorus, magnesium, calcium, copper, and zinc, but reduced the level of potassium 
in plant tissue (Chapter 4.1). Similar findings were reported by Tairo and Ndakidemi (2014) 
who found that P fertilization led to a higher shoot nutrient status for phosphorus, nitrogen, 
potassium, calcium, and magnesium in soybean. They suggested that the higher P uptake 
promoted root growth, thus enabling the plant to absorb more nutrients and water. It is 
unlikely that the same mechanism occurred in the present study, since a slight depression 
of vegetative growth was observed in the high phosphorus treatment. Perhaps the higher 
nutrient concentration was related to this growth depression, while also suggesting a 
possible nutrient imbalance was present.  
A subsequent experiment in Indonesia (Chapter 4.2) showed similar responses in terms of 
vegetative growth. Growth depression was observed at the high P level, although plant 
nutrient concentration was unaffected. The lack of response in terms of nutrient levels 
might be due to high soil nutrient supply, which would be in line with reports in the 
literature that nutrient response to P fertilization is usually observed when the soil P supply 
is less than 10 ppm (Yusoff et al. 2007) but not at higher levels.  
In the present study, the hypothesis that phosphorus induces micronutrient deficiency was 
not proven. Perhaps the naturally high P supply is the reason why phosphorus and 
micronutrient interactions were not detected. Phosphorus and micronutrient interaction, for 
example with zinc, is likely because P alters the uptake, translocation, and utilization of 
zinc. In addition, P induced zinc deficiency is generally observed in P and Zn deficient 
soils (Hafeez et al. 2013).  In this study, because the soil P supply was already high, 
phosphorus application did not increase root and shoot P concentrations, therefore 
micronutrient concentrations were unaffected. 
Another study has reported that prolonged and heavy P supplementation can lead to a   
reduction of micronutrient levels in perennial crops. Tohiruddin et al. (2010) reported that 
the long term application of phosphorus significantly decreased leaf copper and zinc levels 
and caused yield decline in oil palm plantations in Sumatra Utara, Indonesia. In their 
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study, a reduction in micronutrient levels was recorded after 15 years of P fertiliser 
application.   However, this trend was not observed in younger palm trees, suggesting that 
it takes a relatively long time to induce micronutrient deficiency in response to P fertilizer 
application in perennial crops.  It is assumed that nutrient uptake in oil palm is similar to 
that for cocoa.  In the present study, young cocoa seedlings were used and 
measurements were only carried out for a period of 6 months. The short observation 
period may be one reason why this study failed to show phosphorus induced micronutrient 
deficiency. However, it was not possible to extend the observation period because of time 
constraints.   
Experiments undertaken in this study showed the antagonistic effects of copper and zinc 
in young cocoa plants (Chapter 4.2 and 5). The application of copper significantly reduced 
root and shoot concentration of zinc which indicates that luxury uptake of copper 
decreased zinc uptake (Chapter 4.2). A similar trend was observed in root concentration in 
study described in Chapter 5.  This finding is well explained by Mousavi et al. (2012) who 
reviewed the interaction of zinc  with other elements in annual crops. Copper fertiliser was 
found to increase its concentration in soil solution, relative to zinc, leading  to lower zinc 
uptake because these nutrients are taken up by the same carriers into the plant’s root 
system.  A similar reduction of zinc concentration due to copper fertiliser has been 
reported for Cleopatra mandarin and Swingle citrus melo (Alva et al. 1999). To the best of 
my knowledge, the antagonistic effect of copper on zinc reported in this study is the first 
reported in cocoa.   
Barben et al. (2011) suggested that nutrient interactions in soil may be difficult to interpret, 
because other soil factors which affect nutrient availability are involved. Soil pH, 
mycorrhiza, soil moisture and aeration are factors that are often involved in nutrient 
interaction studies (Barben et al. 2010b). Barben et al. (2010a) suggested that studying 
nutrient interaction under a soilless medium may be a better option, at least initially. This 
approach would eliminate the potential impact of the complex relationships between soil 
factors and nutrients. Further work on the testing phosphorus and micronutrients using 
carefully controlled conditions is required to provide a full understanding of nutrient 
interactions in cocoa. 
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Another alternative for studying nutrient interactions in cocoa is through testing the effects 
of various levels of micronutrient fertiliser on older cocoa trees. This approach has been 
used to study the influence of micronutrient (copper, zinc, boron) fertiliser on prime mature 
(plants which have reached their productive age) oil palm trees in Sumatra Utara, 
Indonesia. The experiment was initiated in early 2008 and the first yield response was 
observed in 2011. Preliminary results showed that the application of copper, zinc, and 
boron fertiliser significantly increased the levels of these nutrients in the leaf. Increased 
leaf copper concentration was found to increase oil palm yield per hectare (BLRS 2011c). 
However, the adoption of this approach in cocoa would need to consider certain factors. 
These include plant age (the use of prime mature plants with a minimum age of 7 years) 
annual P application before and during the study, pest and disease control, and the need 
for at least 3 years of continuous observations.  
Survey data collected in the present study revealed that the nutrient status of diseased 
cocoa leaves tended to be lower for nitrogen, phosphorus, calcium, copper, zinc, and 
manganese (Chapter 3). Belan et al. (2015) provided evidence that potassium levels in 
diseased tissue of coffee leaves were lower compared to the surrounding healthy tissue. 
This was because potassium is mobile in the plant tissue. Therefore, during pathogen 
infection or tissue senescence, K is transferred to the healthy or youngest tissue. Nitrogen 
and phosphorus might follow the same process in diseased tissues, because these 
nutrients are also mobile (Barker & Pilbeam 2007). On the other hand, micronutrients for 
instance Cu, Zn and Mn, are immobile (Barker & Pilbeam 2007); their low levels in 
diseased cocoa leaf tissue may be an indication that these nutrients are low when the 
VSD pathogen penetrates the young cocoa leaf. Graham and Webb (1991) stated that the 
micronutrient status is important at the time of pathogen infection, because these nutrients 
confer disease resistance in plant tissue. However, it was noted that the survey study 
(Chapter 3) was limited and there may have been insufficient data to establish a clear 
relationship between nutrient and VSD severity.  
The survey data from Treblasala Estate, London Sumatra Indonesia indicated that 
calcium, magnesium, copper, zinc, and manganese leaf levels were low, and nutrient 
status of diseased leaves showed an interaction with VSD infection (Chapter 3). However, 
a further study on nutrient and disease interactions failed to support the hypothesis that 
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high P fertiliser application reduced micronutrient status and led to higher susceptibility to 
VSD (Chapter 5). In this study, the leaf micronutrient concentration was unaffected by P 
treatment although P concentration significantly increased. This finding supports the 
results reported in Chapter 4. Higher P supply increased phosphorus and magnesium 
levels, but reduced potassium concentration in the plant’s shoot; this result is in agreement 
with the Gatton experiment (4.1). A similar mechanism of nutrient imbalance might have 
occurred in the present study, because vegetative growth did not increase with high P 
supply. 
Although high P supply indicated no change to micronutrient status, copper fertiliser 
application seemed to be beneficial in the Treblasala Estate soil type. The main effect of 
copper was to increase shoot and root leaf Cu concentration. In addition, an analysis of 
interaction effects indicated that vegetative growth was higher in the combined treatment 
of low P and Cu, when compared to P application alone. This result suggests that addition 
of Cu fertiliser may be necessary in some soils that have extremely high P supply.  
The investigation reported in Chapter 5 found a significant difference in young cocoa plant 
nutrient uptake due to genotype. The VSD tolerant genotype (PBC 123) had considerably 
higher shoot concentrations of nitrogen, magnesium, calcium, copper, zinc, and 
manganese but lower concentrations of phosphorus, potassium, and iron. Root 
concentration between genotypes was only significantly different for nitrogen, phosphorus, 
and calcium. This finding suggests that nutrient uptake in cocoa plants is genetically 
controlled. Such information is limited for plantation crops such as cocoa; however, Ribeiro 
et al. (2008) studied nitrogen use efficiency of two cocoa genotypes in Brazil. They found 
that significant differences for genotype were only observed in the roots if the plant was 
treated with 120 ppm N, and in the tops if the plants received 360 ppm N. This study was 
carried out in pots using sand culture enriched with Hoagland nutrient solution. In their 
study, the tested genotype seemed to have different characteristics in nutrient response. 
TSH-565 was more efficient as an N transporter, while ICS-9 was more efficient in root N 
accumulation. In the present study, the genotype PBC 123 seemed to be less efficient in P 
translocation, since the genotype had a higher root P concentration than in the shoot. 
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A comparison of nutrient status between tolerant and susceptible varieties is acceptable in 
preliminary studies in trying to understand nutrient and disease interactions (Huber & 
Haneklaus 2007). In this study, the VSD tolerant genotype (PBC 123) consistently took up 
more nutrients when compared with the susceptible genotype (BL 2936). However, the 
fertiliser treatments did not influence VSD severity in either the tolerant or susceptible 
genotypes. The reason for this lack of response is unknown, however the following 
rationale is suggested. The effect of nutrient levels on disease severity is often profound 
when the nutrient supply is either deficient or in excess, while adequate levels generally 
result in no difference (Huber & Haneklaus 2007). In the present study, micronutrient 
deficiency was not observed because the nutrient status was unaffected by phosphorus 
application. Another possibility may be due to the VSD itself being in the early stages of 
infection and that the disease scoring ranges were too broad.   
Considering the low nutrient levels in the diseased leaf and higher nutrient status of the 
tolerant genotype, further research on nutrient and VSD infection is required. 
Investigations on nutrient distribution around lesions of diseased tissue may be a useful 
approach to providing an understanding of the importance of nutrients in VSD 
development. Techniques based on X-RAY microanalysis (Belan et al. 2015) may be 
suitable for this purpose, but this approach was not investigated in this study. Other 
alternative might be correlating the nutrient status from various cocoa genotypes showing 
a greater range of VSD reactions.  
The nutrient and disease interaction study (Chapter 5) encountered problems that are 
often associated with field trial studies under natural conditions. Despite the use of 
seedlings as guard rows and regular spraying of pesticides, unexpected pest and disease 
infection occurred. Hellopeltis sp and Phytophthora sp were recorded during the 
observation period. This created some difficulties in managing the experiment and the 
interpretation of the results. Ideally, the best approach for studying nutrient and disease 
interactions is under controlled conditions, where the targeted plant is free of other disease 
and pest and is artificially inoculated (Huber & Haneklaus 2007; Huber et al. 2012). 
However, with the current knowledge of VSD disease, adoption of this approach is not 
possible.  
125 
 
Guest and Keane (2007) described the causal agent of VSD as the basidiomycetes 
fungus, Oncobasidium theobromae, an obligate parasite. They reported that an attempt to 
culture the fungus in agar media has not been successful. Using field collection of spores 
is another option for inoculation studies. However, there is a problem in gathering regular 
supplies of inoculum as spores are not always available. Hence, a detailed study on VSD 
resistance is difficult to undertake.  Based on current knowledge, the selection of resistant 
or tolerant genotypes is carried out under field conditions and relies on natural infection, as 
reported in Efron et al. (2002) and McMahon et al. (2010). Further research on the biology 
of the fungus is required as a starting point for a study of nutrient and disease interactions 
under more controlled conditions.  
The work reported in this thesis clearly shows that there is no beneficial effect of 
phosphorus application in soil of the Treblasala Estate, London Sumatra Indonesia. Low 
rates of copper fertiliser may be required for soils that have extremely high P status, but 
more research needs to be carried out on the issue of maintaining the zinc status because 
of the antagonistic effect of copper and zinc. A nutrient imbalance due to improper fertiliser 
management may have occurred in this commercial plantation and this might be affecting 
plant health. Further studies are required to determine in the possible relationship between 
fertiliser management and incidence of VSD. 
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